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FOREWORD 


This  report  on  a  systems  study  and  computer  simulation  of  rapid 
underground  excavation,  prepared  by  staff  members  of  General  Research 
Corporation  (GRC) ,  documents  a  contract  which  is  part  of  the  Advanced 
Research  Projects  Agency's  (ARPA)  program  in  rock  mechanics  and  rapid 
excavation. 

GRC's  major  tasks  in  this  program  include  the  following: 

1.  General  investigation  of  the  nature  of  the  excavation  process 
in  itself,  and  as  an  element  in  the  total  underground  con¬ 
struction  setting 

2.  Functional  separation  of  the  excavation  process  into  its 
basic  elements  of  rock  fragmentation,  materials  handling, 
ground  support,  and  environmental  control,  and  an  analysis 
of  these  elements  to  establish  mathematical  representations 
of  performance  and  cost 

3.  Identification  of  the  major  interrelationships  among  these 
basic  elements  of  the  excavation  process  which  must  be 
accounted  for  in  any  system  evaluation 

4.  Development  of  a  computer  simulation  to  estimate  the  perform¬ 
ance  and  cost  of  alternative  excavation  methods  including 
conventional  and  some  novel  and  advanced  techniques 

The  overall  objective  of  this  research  program  is  to  identify 
specific  excavation  systems  and  methods  which  may  be  substantially  faste: 
and  more  economical  for  underground  excavation  of  deep  hard  rock  than 
those  utilized  in  the  past. 


Volume  I  of  this  report  documents  the  analytical  approach  we  have 
taken  to  modeling  excavation.  Volume  II  presents  additional  information 
and  provides  a  user's  manual  for  the  computer  subroutines  which  we  have 
produced. 

The  authors  greatly  appreciate  the  helpful  cooperation  and  assis¬ 
tance  received  from  the  many  persons  we  contacted  in  the  course  of  this 
study.  C.  S.  Robinson  of  Robinson  and  Associates  and  L.  Heflin  of  the 
Washington  Metropolitan  Area  Transit  Authority  provided  insight  into  the 
geological  exploration  aspect  of  project  planning.  K.  Fox  and  staff  of 
the  U.  S.  Army  Corps  of  Engineers,  Protective  Structures  Division,  iden¬ 
tified  some  of  the  major  concerns  of  military  facilities  planners  and 
estimators.  The  Bureau  of  Reclamation  in  general,  and  M.  E.  Kiplinger 
and  A.  S.  D'Alessandro  in  particular,  provided  useful  data  from  their 
files.  C.  Crane  of  the  Robbins  Co.  and  G.  Wickham  of  Jacobs  Associates 
provided  a  perspective  from  the  equipment  developer's  and  project  manager's 
points  of  view.  J.  Watson  of  Physics  International  and  D.  Nixon  of 
Westinghouse  discussed  pros  and  cons  of  some  of  the  novel  excavation 
techniques.  R.  Dick  of  Twin  Cities  Mining  Research  Center  of  the  Bureau 
of  Mines  was  particularly  helpful  in  evaluating  drill-and-blast  excavation. 
Ray  Moran  of  Moran  Engineering  Co.  supplied  information  on  rail  systems 
for  materials  handling.  Other  staff  members  at  each  Mining  Research 
Center  of  the  Bureau  of  Mines  who  provided  briefings  on  their  projects 
were  invaluable  in  assessing  the  state  of  the  art  and  the  prospects  of 
advances  to  come  in  underground  excavation.  The  opinions  expressed  in 
this  report  are,  of  course,  solely  the  responsibility  of  the  authors  and 
General  Research  Corporation. 
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ABSTRACT 


A  model  of  the  hard- rock  tunneling  process  is  developed  including 
a  three-dimensional  stratified  geology,  a  modular  representation  of  many 
excavation  system  possibilities,  and  a  cost-accounting  system  to  facili¬ 
tate  cost-benefit  analysis  of  tunneling  system  performance. 

The  mathematical  representations  of  rock  fragmentation,  materials 
handling,  ground  support,  and  environmental  control  are  given,  supported 
by  empirical  data  and  an  analysis  of  the  physics  involved. 
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SUMMARY 


This  report  describes  the  development  of  a  computer  model  which  is 
intended  to  be  used  to  aid  in  the  analysis  of  the  relative  cost  and  per¬ 
formance  characteristics  of  existing  and  technically  advanced  tunneling 
methods.  The  structure  of  the  model  has  been  kept  as  simple,  straight¬ 
forward,  and  general  as  possible  so  that  alternative  tunneling  methods 
under  consideration  can  be  quickly,  easily,  and  economically  compared  by 
varying  selected  characteristics  of  the  tunneling  method  and  environment 
while  keeping  other  characteristics  constant.  A  considerable  amount  of 
thought  has  been  expended  in  designing  the  model  so  as  to  leave  open  every 
possible  avenue  for  future  modifications  to  include  any  novel  or  hypothe¬ 
tical  excavation  method  one  may  wish  to  assess. 

The  tunneling  model  is  designed  as  a  time-step  simulation  program. 
Each  step  in  the  simulation  is  considered  to  occur  from  one  well-defined 
time  and  state  of  existence  to  another  well-defined  time  and  state  of 
existence.  The  data  processing  activities  which  are  required  in  order 
to  proceed  from  one  time  and  state  to  another  are  performed  by  subroutines 
which  correspond  to  the  various  activities  which  must  be  performed  in  the 
tunneling  process  which  is  being  simulated.  Interaction  between  the 
activities  of  the  tunneling  process  is  considered  to  be  of  major  importance 
in  the  model  design  and  is  treated  with  particular  care. 

A  separate  part  of  the  total  model  is  the  geology  model,  a  convenient 
tool  for  building  a  file  of  data  which  represents  the  geological  conditions 
found  within  a  given  three-dimensional  region  of  rock.  The  geology  model 
can  be  used  to  model  a  geological  region  having  up  to  25  different  zones 
of  rock;  each  zone  may  be  of  different  shape  and  have  rocks  with  differ¬ 
ing  properties.  A  three-dimensional  region  was  modeled  to  aid  in  the 
eventual  consideration  of  shafts,  caverns,  and  alternative  tunnel  routes. 
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The  tunneling  process  itself  is  divided  into  four  distinct  func¬ 
tional  elements  for  the  purpose  of  describing  the  analysis  and  modeling 
process  which  has  been  performed.  These  elements  are  rock  fragmentation, 
materials  handling,  ground  support,  and  environmental  control.  The 
greatest  emphasis  of  the  study  has  been  on  investigating  rock  fragmenta¬ 
tion  and  materials  handling.  The  following  summary  of  activities  which 
are  included  in  the  simulation  program  for  rock  fragmentation  and  materials 
handling  will  given  an  impression  of  the  scope  of  the  tunneling  model: 


Drill  and  blast  fragmentation 

Subroutine  M0VF.1N  moves  drill  jumbo  to  faca 
Subroutine  HOLBRN  drills  holea  for  bum  cut 
Subroutine  SETCHG  sets  exploalve  charge 
Subroutine  MOVOUT  moves  drill  Jumbo  from  face 
Subroutine  DREPAR  accounts  for  maintenance  and  repair 

Boring  machine  fragmentation 

Subroutine  ASSEMBL  acta  up  boring  machine 
Subroutine  BORE  bores  rock  by  cutter  head  rotation 
Subroutine  CUTTER  accounta  for  cutter  change  and  wear 
Subroutine  DISASM  disassembles  machine 
Subroutine  REPAIR  accounta  for  maintenance  end  repair 

High  velocity  water  let  f ragmentatloo 

Subroutine  JET IMP  fragments  rock  by  continuous  or  Intermittent  water  Jat 
Subroutlna  JETACN  repoaltlona  water  jet  equipment 
Subroutine  JETMNT  accounta  for  maintenance  end  repair 

Projectile  fragmentation 

Subroutine  PROJTL  fragments  rock  by  projectile  Impact 
Subroutine  PRJBR  accounta  fcr  barrel  wear  end  replacement 
Subroutine  PRJAGN  repositions  projectile  equipment 
Subroutine  PRJMNT  accounta  for  maintenance  end  repair 

Rail  trenaport 

Subroutine  RA1LHL  updates  train  statue  accounting  for  loading,  dynamics , 
and  switching  loglatics 

Subroutlna  RAILEX  accounts  for  track  laying,  train  and  switch  addition 
Subroutlna  ADDTRN  accounta  for  logletlce  of  train  leaving  discharge  or 
maintenance  sreaa 
Subroutine  RAILDS  unloads  train 

Subroutlna  RAILMT  accounta  for  maintenance  and  repair 
Truck  transport 

Subroutine  TRlfKHL  updates  truck  status  and  accounta  for  loading  and  dynamics 
Subroutine  TRUKEX  accounta  for  system  extension,  road  ballast  and  truck 
addition 

Subroutine  TRUKDS  unloads  truck 

Subroutlna  TRITKMT  accounta  for  maintenance  end  repair 
Conveyor  transport 

Subroutine  TRNPRT  accounta  for  muck  transport 
Subroutine  EXTNSN  extends  ayatea 

Subroutine  SURGE  accumulates  and  dlachsrgea  muck  from  aurga  bln 
Subroutlna  BELT  accounta  for  maintenance  and  repair 


Machine  loaders  and  ahovele 

Subioutlne  MUKLOD  loada  muck  st  face  and  unloada  Into  main  line  ayatea 

Subroutine  WUK1N  moves  loaders  to  face 

Subroutine  MUKOUT  moves  loader  from  face 

Subroutlna  HUKMT  accounts  for  maintenance  and  repair 

Integrated  conveyor  loader 

Subroutine  CVLOAD  loads  main  llna  muck  transport  ayatra 
Subroutlna  CVlhT  accounta  for  malnteosnca  and  repair 
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We  have  confined  our  modeling  of  ground  support  to  a  comparatively 
simple  approach  which  provides  to  the  overall  excavation  model  a  repie- 
sentatiou  of  ground-support  selection,  design,  and  installation  which  will 
allow  valid  comparison  between  different  excavation  methods.  The  ground- 
support  techniques  which  are  modeled  include  the  installation  of  steel 
rib  sets,  rock  bolts,  shotcrete,  and  combinations  of  these  with  blocking 
and  lagging  or  additional  support  provided  if  needed. 

The  three  primary  aspects  of  environmental  control  included  in  the 
simulation  are  ventilation,  mechanical  cooling,  and  water  removal.  Each 
of  these  aspects  is  modeled  giving  consideration  to  the  problems  associated 
with  deep  tunnels,  high  rock  temperatures  and  novel  excavation  techniques. 
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OVERVIEW  AND  EXCAVATION  MODEL  FORMULATION 


A.  INTRODUCTION 

Current  capabilities  for  excavation  seem  to  be  limited  to  200-300 
ft  per  day  in  soft  rock  by  mechanical  borer  and  70  ft  per  day  in  hard 
rock  by  drill-and-blast  technique.  Future  civilian  and  military  require¬ 
ments  for  excavation  may  demand  rates  two  to  three  times  more  rapid  than 
is  presently  possible  and  would  require  lower  unit  costs  than  are  now 
attainable.  This  need  for  improved  underground  excavation  techniques 

has  been  documented  in  recent  reports  of  studies  undertaken  by  the 
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National  Research  Council,  '  the  Organization  for  Economic  Cooperation 

3 

and  Development  (OECD),  the  Underground  Construction  Research  Council  of 
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ASCE,  and  many  other  groups. 

The  approach  taken  in  this  report  is  a  systems  approach  to  achieve 

1.  The  identification  of  the  performance  and  cost  characteris¬ 
tics  of  current  excavation  systems 

2.  The  development  of  analytical  tools,  particularly  computer 
models  and  mathematical  representation,  to  quantify  the 
improvements  (performance  and  cost)  to  be  derived  from 

New  excavation  techniques 

Balanced  and  compatible  system  design 

Improved  equipment  reliability 

Mechanization- automation 

Improved  scheduling  including  planned  maintenance 

Improved  geological  surveying,  prediction,  and  in  situ 
measurement 

In  our  semiannual  report^  the  preliminary  approach  to  computer 
simulation  development  was  documented.  Briefly,  the  development  proceeded 
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as  follows.  Survey  and  data  gathering  was  performed  to  assess  the  mili¬ 
tary  requirements  for  underground  excavation.  As  a  result  it  was  con¬ 
cluded  that  tunneling  should  receive  first  attention,  to  be  followed 
subsequently  by  investigation  of  deep  shaft  drilling  and  finally  cavern 
excavation.  During  this  data-gathering  phase,  information  on  present 
capabilities  of  various  excavation  systems  was  assembled  and  research  in 
progress  on  excavation  problems  was  identified. 

In  parallel  with  data  gathering,  an  early  conceptual  formulation  of 
a  tunneling  system  model  was  begun  and  eventually  led  to  the  structure 
and  logic  of  the  model  as  it  now  exists.  Three  features  of  this  model 
may  be  mentioned  here  to  orient  the  reader  to  the  general  nature  of  the 
simulation.  First,  it  is  a  time-based  computer  simulation  for  the  change 
of  status  within  the  tunnel  sequentially  at  equal  steps  in  time  (a  6-min 
interval  is  the  order  of  magnitude  normally  considered).  Second,  the 
computer  model  is  modular;  therefore,  the  simulation  of  an  entire  excava¬ 
tion  system  consists  of  an  assembly  of  many  subroutines,  each  of  which 
represents  a  separate  and  distinctly  identifiable  activity  in  the  excava¬ 
tion  process  (e.g.,  the  changing  of  cutters  on  a  boring  machine  is  modeled 
by  one  subroutine).  Third,  the  advanced  and  novel  excavation  techniques 
are  included  in  the  model  (in  addition  to  conventionally  utilized 
techniques)  in  order  to  estimate  their  impact  on  the  ability  to  excavate 
hard  rock. 

As  it  became  possible,  as  a  result  of  the  data  gathering,  concep¬ 
tual  formulation,  and  technical  analysis,  software  was  developed  to  model 
the  most  important  aspects  of  the  tunneling  process.  Mathematical  repre¬ 
sentations  of  physical  processes  were  derived,  computer  logic  was 
constructed,  and  test  cases  were  validated. 
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B.  THE  EXCAVATION  PROCESS  IN  THE  TOTAL  CONSTRUCTION  SETTING 

This  section  presents  a  perspective  of  excavation  from  a  broad 
point  of  view  to  review  some  of  the  many  factors  to  the  actual  physical 
excavation  process  itself  and  not  directly  modeled  by  our  computer  simu¬ 
lation,  but  which  may  affect  the  cost  and  performance  of  a  tunnel  excava. 
tion  system. 


Figure  1  represents  the  sequence  of  milestones  and  activities  that 
are  typically  followed  in  the  total  process  of  constructing  a  tunnel 
underground.  The  excavation  simulation  discussed  subsequently  in  this 
report  is  focused  directly  on  Activity  No.  6  in  Fig.  1.  I„  this  study, 
no  attempt  was  made  to  model  directly  either  the  preconstruction  stage 
activities  or  the  secondary  phase  construction  (Activity  No.  7).  Some 
of  the  general  factors  affecting  the  design,  operation,  and  cost  of 
excavation  are  listed  in  Table  1.  While  the  simulation  accounts  for 
most  of  these  factors,  the  analyst  should  be  wary  of  applying  the  simu¬ 
lation  results  to  a  specific  project  without  considering  the  impact  of 
these  factors  in  greater  detail. 


Figure  2  represents  the  general  flow  of  activities  associated  with 
the  primary  construction  phase  of  a  typical  tunneling  project.  This 
figure  is  a  more  detailed  representation  of  Activity  No.  6  of  Fig.  1. 
Figure  2  shows  further  what  is  and  is  not  incorporated  into  the  model. 
The  construction  of  access  portals  or  shafts  has  not  been  modeled  and 
is  left  for  future  development  of  the  simulation.  Major  failure  or  re¬ 
design  of  the  tunneling  system  is  also  not  included.  Simulation  of 
minor  system  breakdown  and  repair  (Activity  No.  5)  is  accounted  for  by 
providing  operational  availability  factors  for  the  various  equipment. 
The  decision  logic  is  built  to  allow  the  appropriate  time  delays  and 
added  costs  associated  with  these  failures  to  be  incurred  according  to 
these  user-specified  factors. 
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TABLE  1 


GENERAL  FACTORS  AFFECTING  THE  DESIGN,  OPERATION, 
AND  COST  OF  EXCAVATION 


Physical  Factors 

LOCATION  &  ACCESSIBILITY 

Urban 

Rural 

GEOLOGY  &  HYDROLOGY 

Rock  or  soil  type, 

structure,  properties 

In  situ  stress  conditions 

Subterranean  temperature 

Location  &  variation  of 
phreatic  surface 

General  flow  conditions 

Geological  surveying 
&  prediction 

GENERAL  ENVIRONMENT 

Climate 

Altitude 

OPERATIONAL  REQUIREMENTS 

Intended  use  (military, 
water  conveyance) 

Operational  life 

(permanent,  temporary) 

General  configuration 
(no.  of  tunnels  & 
proximity,  geometry, 
etc. ) 

Depth,  alignment,  grade 
requirements 

Environmental  control 
requirements  (ground 
water,  air  quality, 
etc . ) 


Economic-Political  Factors 

AVAILABILITY  &  COST  OF  RESOURCES 
IN  PROJECT  TIME  FRAME 

Labor 

Material 

Equipment 

Financing 

LEGAL  &  ORGANIZATIONAL 

Health  &  safety  requirements 

Union  demands 

Contractual 

Management  &  scheduling 

FLEXIBILITY  OF  COMPLETION  DATE 

Military  threat 
Impact  of  delays 

Technical  Factors 

Geological  surveying  & 
prediction  techniques 

Accepted  design  practices 


The  major  programming  effort  has  been  expended  modeling  those  ele¬ 
ments  of  rock  disintegration,  materials  handling,  ground  control,  and 
environmental  control  (Activity  No.  1)  of  various  excavation  systems. 

C.  DESIGN  CONCEPT  OF  THE  EXCAVATION  MODEL 

The  excavation  model  is  intended  to  be  used  as  a  tool  to  aid  in 
the  analysis  of  the  relative  costs  and  performance  characteristics  of 
existing  and  technically  advanced  tunneling  methods.  The  structure  of 
the  model  has  been  kept  as  simple  and  straightforward  as  possible  so  that 
users  can  concentrate  on  solving  problems  associated  with  tunneling 
methods  rather  than  trying  to  unravel  software  intricacies.  Also,  the 
model  structure  has  been  kept  general  to  facilitate  future  modifications. 
Finally,  in  line  with  the  objective  of  generality,  the  model  design  per¬ 
mits  the  tunneling  method  inputs  to  be  quickly,  easily,  and  economically 
changed.  This  design  facilitates  comparisons  of  alternative  methods  by 
varying  selected  characteristics  of  the  tunneling  method  and  environment 
while  all  other  characteristics  are  kept  constant. 

The  basic  structure  of  the  excavation  model  is  shown  in  Fig.  3. 

The  dashed  lines  indicate  the  flow  of  information;  the  solid  lines  indi¬ 
cate  the  sequence  in  which  processing  takes  place.  (This  convention 
will  apply  throughout  this  section  of  the  report.)  The  three  separate 
parts  of  the  excavation  model  are  executed  serially. 

The  geology  model  is  used  to  produce  detailed  and  consistent  repre¬ 
sentations  of  realistically  complex  geologies,  in  a  convenient  manner. 

It  is  intended  to  be  flexible  enough  so  that  it  can  be  used  to  produce 
reasonable  approximations  of  known  geologies.  It  produces  a  geology 
file  of  a  given  region  and  miscellaneous  output  reports.  The  geology 
file  is  reusable. 

The  operation  of  the  geology  model  involves  specifying  rock  strata 
surfaces,  specifying  rock  properties  by  stratum,  forming  the  surfaces 
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required,  and  then  reordering  the  information  to  produce  a  geology  file 
which  can  be  accessed  by  geographical  coordinates.  The  object  is  to 
model  realistically  complex  geologies  in  three  dimensions,  in  a  reasona¬ 
ble  manner,  without  a  great  expenditure  of  computer  time. 

The  tunneling  model  is  used  to  simulate  any  one  of  many  excavation 
methods,  including  interactions  with  the  geology  of  the  region  and  inter¬ 
actions  among  the  various  activities  involved.  It  accepts  information 
from  both  the  geology  file  and  from  input  cards,  which  specify  the  geom¬ 
etry  and  coordinates  of  the  desired  tunnel  and  control  information 
required  by  the  particular  excavation  method  used.  The  output  of  the 
tunneling  model  consists  of  reports  concerning  the  operation  and  progress 
of  the  tunneling  simulation,  as  well  as  a  file  of  cost  information. 

The  tunneling  model  is  designed  as  a  time-step  simulation  program. 
Each  step  in  the  simulation  is  considered  to  occur  from  one  well-defined 
time  and  state  of  existence  to  another  well-defined  time  and  state  of 
existence.  The  data  processing  activities  which  are  required  in  order 
to  proceed  from  one  time  and  state  to  another  are  performed  by  subrou¬ 
tines  which  correspond  to  the  various  activities  which  must  be  performed 
in  the  tunneling  process  which  is  being  simulated.  A  control  program  is 
provided  to  coordinate  the  activities  of  the  subroutines;  considerable 
effort  has  been  exerted  to  keep  ths  logical  design  of  this  control  pro¬ 
gram  as  simple  as  possible. 

The  functional  separation  of  the  tunneling  process  into  a  set  of 
activities  which  are  modeled  by  subroutines  is  shown  in  Fig.  4:  A 
hierarchy  is  illustrated  which  classifies  each  activity  by  its  associa¬ 
tion  with  a  general  process  and  element  as  described  in  detail  in  the 
earlier  semiannual  technical  report. ^  Briefly,  the  following  terminology 
and  definitions  review  the  basic  classification  scheme  used: 
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TUNNELING 
SC  CEL 
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Figure  4.  Tunneling  Model  Structure 


EXCAVATION.  That  portion  of  the  total  effort  of  constructing 
a  hard-rock  tunnel  which  directly  and  physically  contributes 
to  the  removal  of  the  rock  and  the  preparation  of  the  result¬ 
ing  empty  space  for  use  as  a  tunnel. 

ELEMENT .  Functional  breakdown  of  the  overall  excavation 
effort  at  the  most  general  level.  This  normally  includes: 

Rock  Fragmentation.  Breaking  the  rock  at  the  tunnel 
face. 

Materials  Handling.  Carrying  broken  rock  (muck)  away 
from  the  face,  or  construction  materials  to  the  face. 

Ground  Support.  Reinforcing  or  supporting  the  ground 
around  the  excavation  and  installing  permanent  lining. 

Environmental  Control.  Control  of  undesirable  gases, 
fumes,  dust,  water,  heat,  etc.,  within  the  excavation. 

GENERAL  PROCESS .  A  general  process  is  a  way  in  which  the 
function  of  a  particular  element  of  the  excavation  process 
might  be  performed.  It  is  the  next  level  of  detail  within 
a  given  element.  For  example,  the  element  rock  disintegration 
might  be  accomplished  by  the  general  process  of  drill  and 
blast,  boring  machine,  water  jet,  or  projectile  impact  as 
shown  in  Fig.  4. 

ACTIVITY .  Activities  are  those  operations  included  within 
the  performance  of  a  specific  general  process.  For  example, 
the  general-process  boring  machine  includes  the  activities 
of  maintaining,  boring,  cutter  changing,  etc.  These  activi¬ 
ties,  which  are  modeled  by  subroutines,  are  the  basic  building 
blocks  of  the  computer  model. 

TECHNIQUE.  A  technique  is  a  manner  in  which  a  specific 
activity  might  be  accomplished.  For  example,  the  activity  of 
boring  might  be  accomplished  by  a  rolling  disc  cutter  boring 
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machine  or  a  carbide  insert  cutter  boring  machine.  A  revi¬ 
sion  of  one  subroutine  would  be  the  primary  change  required 
to  convert  the  system  simulation  from  one  technique  to 
ano ther . 

Each  of  the  activities  involved  is  simulated  by  a  family  of  alter¬ 
native  subroutines,  which  are  coordinated  in  order  to  simulate  the  general 
processes  used  in  a  particular  excavation  system  design.  It  is  possible 
to  simulate  alternative  excavation  systems  by  exchanging  subroutines  or 
by  coordinating  them  in  different  manners,  without  the  need  for  extensive 
reprogramming . 

Note  that  this  logical  arrangement  of  subroutines  does  not  require 
that  information  be  exchanged  only  "up  and  down  the  branches"  of  the 
tree  structure.  If  a  common  information  exchange  area  is  provided,  it 
is  possible  for  one  activity  to  influence  another  even  though  they  are 
not  in  the  same  general  process  structure.  For  example,  rock  disintegra¬ 
tion  by  projectile  impact  or  water  jet  might  lead  to  the  presence  of 
large  amounts  of  heat  or  water  in  the  tunnel,  which  would  then  have  to  be 
removed  by  the  general  processes  used  for  environmental  control.  This 
interaction  between  the  activity  subroutines  is  depicted  schematically 
in  Fig.  5.  The  ability  to  model  large  numbers  of  interactions  of  this 
kind  is  considered  to  be  one  of  the  advantages  of  using  a  computer  to 
simulate  the  excavation  effort. 

The  kinds  of  interaction  between  elements  of  the  tunneling  model 
that  are  currently  included  in  the  tunneling  model  are  shown  in  Fig.  6. 
Interactions  which  should  be  considered  in  addition  to  those  modeled  are 
parenthetically  included.  These  would  be  considered  for  modeling  as 
further  development  of  the  model  proceeds.  Figure  6  shows,  for  example, 
that  the  impact  of  rock  fragmentation  on  materials  handling  is  due  to 
heading  advance  (the  materials  handling  system  must  also  advance)  and 
rock  volume  (the  materials  handling  system  must  have  sufficient  capacity 
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COMMON  INFORMATION  AREA 


Figure  5.  Activity  Interact 
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to  remove  the  rock).  While  the  present  model  does  not  include  considera¬ 
tion  of  the  size  distribution  of  rock  fragments,  this  consideration 
should  be  kept  in  mind  when  ascertaining  the  suitability  of  a  particular 
materials  handling  system  to  be  used  with  a  fragmentation  system.  For 
example,  a  hydraulic  materials  handling  system  may  be  suitable  for  trans¬ 
porting  small-particle-size  muck  (less  than  6-in.  sizes)  away  from  the 
tunnel  face  but  it  certainly  could  not  bring  the  needed  men  and  materials 
to  the  face  as  a  conventional  rail  system  could.  It  may  be  necessary  in 
the  event  of  using  a  materials  handling  system  which  is  limited  to  hand¬ 
ling  a  certain  size  distribution  of  material  to  augment  this  system  with 
another  for  personnel  and  materials  transport.  Secondary  crushing  of 
the  broken  rock  at  the  face  may  also  be  needed.  The  reader  can  no  doubt 
identify  other  interactions  which  should  be  kept  in  mind. 

The  concept  of  the  simulation  proceeding  from  one  well-defined  time 
and  state  to  another  is  implemented  through  the  use  of  old  and  new  work¬ 
ing  parameter  common  areas  (Fig.  7).  During  any  given  time  step,  the 
old  working  parameter  common  area's  contents  describe  the  entire  state 
of  the  tunneling  system  at  the  beginning  of  the  time  step;  the  new  work¬ 
ing  parameter  common  area's  contents  describe  the  entire  state  of  the 
tunneling  system  at  the  end  of  the  current  time  step.  Each  subroutine 
receives  its  input  information  from  the  old  common  and  places  its  output 
information  in  the  new  common.  Each  subroutine,  therefore,  determines 
the  state  of  the  system  at  the  beginning  of  the  new  time  step  according 
to  information  received  at  the  beginning  of  the  current  time  step.  In 
addition,  as  the  subroutines  are  executed,  cost  information  is  generated. 
This  information  is  placed  in  a  cost  information  common  area  by  the  sub¬ 
routines  involved. 

Note  that  the  end  result  of  this  method  of  utilizing  subroutines 
is  that  subroutines  which  are  used  for  equivalent  tunneling  purposes,  if 
called  by  the  same  FORTRAN  name,  may  simply  be  exchanged  for  one  another 
and  the  model  will  continue  to  operate  and  produce  consistent  operating 
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Figure  7.  Information  Flow  for  Individual 
Tunneling  Model  Subroutines 
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and  cost  reports  as  desired,  even  though  the  logic  of  the  two  subroutines, 
as  well  as  their  input  information  demands  and  output  information  results, 
might  be  radically  different. 

D.  PERFORMANCE  REPORTING 

Figure  8  itemizes  the  information  that  will  be  provided  periodically 
by  the  tunneling  model  during  the  simulation.  In  addition  to  the  gross 
performance  measures  provided  by  advance,  average  advance  rate,  and 
maximum  advance  rate,  two  performance  measures  which  reflect  element 
reliability  and  compatibility  will  be  printed  out  for  each  of  the  ele¬ 
ments  of  the  system.  These  performance  measures  are  operational  avail¬ 
ability  and  subsystem  (or  element)  utilization. 

Operational  availability  may  be  defined  as  the  probability  that  at 
a  random  point  in  time  a  subsystem  can  perform  at  or  above  some  specified 
minimum  level  of  operational  capability  to  perform  its  primary  function. 

It  Is  a  measure  of  the  reliability  of  the  subsystem.  It  may  be  expressed 
as 


where  A  =  operational  availability 
T  =  total  shift  time 

T^  =  total  down  time  for  planned  maintenance,  parts  replacement 
and  unschjduled  repair  time 

Utilization  is  a  measure  of  compatibility  between  elements  of  the 
system.  It  reflects  inadequate  matching  of  performance  (e.g.,  a  materials 
handling  system  inadequate  to  support  boring  machine  advance  rates)  and 
interference  between  elements  (e.g.  ,  ground  support  installation  which 
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Figure  8.  Interim  Performance  Report 


requires  a  halt  in  boring  operation) .  Utilization 


may  be  expressed  as 


where  U  -  utilization 

Tfc  =  total  shift  time 

=  total  down  time 

Ti  =  total  tin>e  during  which  an  element  is  idle  although 

available  due  to  constraints  imposed  by  external  factors 
such  as  interference  with  other  elements 


In  addition  to  this  standard  periodic  performance  report  the  user 
may  select  to  print  any  additional  information  regarding  the  operation 
of  the  system.  If  he  were  interested  in  how  the  cutter  changes  for  a 
boring  machine  affected  its  performance,  for  example,  he  may  wish  to 
print  out  cutter  wear  reports,  cutter  change  records,  and  linear  feet 
traveled  by  each  cutter  before  replacement. 

E.  COST  REPORTING 

Cost  reports,  generated  like  periodic  performance  reports,  reflect 
both  overall  cost  and  element  cost  by  selected  categories  and  are  printed 
periodically.  Figure  9  itemizes  the  information  included  in  these 
reports. 

The  cost  categories  are  described  as  follows: 
a.  Direct  Labor 

This  is  the  cost  of  labor  directly  applicable  to  a  specified 
activity,  e.g.,  in  the  rock  disintegration-boring  machine  option  it  will 
be  the  cost  per  hour  of  the  crew  required  to  operate  the  machine  and  any 
auxiliary  activities  included  under  this  option.  This  figure  is  the 
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product  of  manning  requirements,  prevailing  wage  rates,  and  elapsed 
shift  time. 

b.  Plant  and  Equipment 

This  item  represents  the  ownership  cost  of  both  capital  equipment, 
i.e.,  depreciable  equipment  such  as  boring  machines,  conveyors,  trucks, 
and  fixed  plant  which  is  required  (rail,  power  cables,  etc.). 

c.  Job  Materials 

This  is  the  cost  of  the  consumable  items  used  during  a  given  acti¬ 
vity.  Examples  of  this  would  be  the  cost  of  power  used,  cutter  costs, 
and  explosive  costs.  The  input  to  the  program  will  be  the  unit  costs, 
i.e.,  cost  per  kilowatt-hour  for  power.  The  individual  activity  subrou¬ 
tines  will  calculate  from  its  internal  functional  relationship  the  cost 
of  power  consumed  for  a  given  advance  in  the  specified  tunnel.  For  the 
given  element,  the  cost  of  all  job  materials  will  be  accumulated  and 
shown  on  the  output  records  in  a  form  shown. 

d.  Permanent  Materials 

This  item  represents  the  cost  of  materials  used  which  form  part  of 
the  permanent  structure  of  the  tunnel,  i.e.,  the  cost  of  rock  bolts, 
steel  ribs,  or  concrete. 

e.  Overhead  and  Profit 

Overhead  and  profit  expense  is  a  fixed  percentage  charge  to  all  the 
elements  of  the  excavation  process  prorated  by  element  subtotals  to 
account  for  administration,  supervisory  personnel,  unassigned  labor,  con¬ 
tingency,  and  profit. 

The  objective  in  providing  this  breakdown  of  total  cost  into  a  set 
of  standard  cost  categories,  divided  among  the  excavation  elements,  is 
to  facilitate  a  cost-benefit  type  analysis  of  new  tunneling  techniques. 
There  has  been  a  continuing  conflict  of  opinions  as  to  which  aspects  of 
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tunneling  are  the  most  significant  in  determining  the  cost  of  any  parti¬ 
cular  underground  project.  This  is  due  in  part  to  the  lack  of  a  basis 
upon  which  to  compare  the  projected  costs,  actual  costs,  and  potential 
savings  in  a  systematic  rational  way.  In  terms  of  the  actual  costs 
incurred  during  conventional  excavation  of  an  underground  project,  it  is 
expected  that  labor  costs  will  continue  to  be  the  greatest  single  frac¬ 
tion,  often  running  to  50-60%  of  the  total  project  cost.  This  is  due  to 
the  present  reliance  on  excavation  techniques  having  minimal  emphasis  on 
automation.  There  will  be  a  trade-off,  of  course,  between  the  cost  of 
providing  a  reliable  automated  system  and  the  cost  of  providing  the 
laborers  needed  to  do  the  same  job.  But  clearly  the  trend  will  be  toward 
more  automation  in  the  excavation  systems  which  are  developed  fcv  the 
future.  One  of  the  primary  purposes  for  a  systems  study  and  model  develop¬ 
ment  is  to  make  possible  the  identification  of  where  the  greatest  savings 
may  be  achieved,  and  what  it  would  take  in  terms  of  equipment  and  labor 
to  realize  these  savings.  The  cost  reporting  structure  shown  in  Fig.  9 
provides  one  suitable  basis  of  comparison. 

F.  APPLICATIONS 

The  simulation  may  be  used  to  analyze  on-going  excavation  projects 
(Fig.  10)  or  it  may  be  used  as  a  tool  for  system  studies  of  excavation. 
Section  VI  of  this  report  provides  an  example  of  the  former.  This  sec¬ 
tion  describes  applications  of  the  model  to  illustrate  what  kinds  of 
system  studies  are  facilitated  by  the  simulation.  A  general  methodology 
of  systems  analysis  of  excavation  would  consist  of  three  steps: 

1.  Analysis  of  each  process  (current  and  novel)  to  identify 
performance  characteristics,  controlling  parameters,  signi¬ 
ficant  trends,  and  inherent  limitations 

2.  Analysis  of  element  interaction  to  identify  major  incompati¬ 
bilities,  transfer  of  energy  or  material,  and  cost  implica¬ 
tions 
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3. 


Analysis  of  entire  systems  to  identify  optimum  performance 
of  current  systems,  major  impact  of  novel  systems,  and  areas 
to  focus  research  and  development  to  yield  the  greatest 
improvement  in  excavation  cost  and  performance 

In  the  comparative  analysis  phase  of  study  it  would  be  possible  to 
perform  parametric  studies  to  derive  curves  which  identify  maximum  rates 
of  advance,  cost,  and  other  measures  which  reflect  the  estimated  perform¬ 
ance  of  selected  (or  hypothetical)  excavation  systems  in  various  geolo¬ 
gies.  In  any  such  analysis  a  list  of  the  major  independent  parameters 
would  be  likely  to  include  excavation  system  characteristics,  and  geology 
and  geometry  of  the  tunnel.  Derived  performance  measures  may  include 
effectiveness  (tons  per  hour  excavated  or  the  feet  per  hour  advanced), 
cost  (dollars  per  yard  or  dollars  per  foot),  operational  reliability  to 
reflect  element  reliability;  and  subsystem  utilization  to  quantify  ele¬ 
ment  compatibility  and  adequacy. 

Presentation  of  results  may  be  graphical,  as  shown  generally  by 
Fig.  11,  or  tabular  as  shown  in  Table  2. 


TABLE  2 

GENERALIZED  TAPULAR  PRESENTATION  OF  RESULTS  FOR 
PARAMETRIC  ANALYSIS  OF  AN  EXCAVATION  SYSTEM 


System  A 

System  B 
System  C 


Characteristic 

Performance 

Effectiveness 

Measures 

Cost 

Measures 

e. g . ,  power ,  labor , 
material  requirements 

e.g.  ,  rate  of 
advance 

e.g.,  $/ydJ 
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Figure  11.  Generalized  Graphical  Presentation  of  Results 

for  Parametric  Analysis  of  an  Excavation  System 


Some  simplified  examples  will  now  be  given  to  illustrate  the  pre¬ 
ceding  applications.  Figure  12  shows  present  boring  machine  capability 
in  terms  of  hourly  rate  of  advance  for  continuous  operation  for  tunnel 
diameters  between  6  and  20  ft.  This  curve  is  based  on.  relationships 
derived  in  the  course  of  this  study  to  represent  the  actual  performance 
of  boring  machines  on  past  and  current  tunneling  projects.  Since  this 
curve  depicts  rate  of  advance  of  a  boring  machine  while  it  is  operating 
continuously,  the  daily  advance  rate  achievable  would  be  the  multiple 
of  the  daily  operating  hours  (excluding  down  time,  idle  time,  and  cutter 
change  time)  and  the  hourly  advance  rate. 

A  second  simplified  example  is  illustrated  by  Fig.  13.  The  rock 
compressive  strength  is  20,000  psi.  The  estimated  rate  of  advance  of 
a  boring  machine  can  be  calculated  from  the  relationships  derived  in 
this  study  and  is  shown  as  the  boring  machine  capability  curve  of  Fig.  13 
(solid  line).  Boring  machines  have  apparently  advanced  faster  in  16-20  ft 
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1 


UNCONFINED  COMPRESSIVE  STRENGTH  (1000  psi) 


Figure  12.  Boring  Machine  Capability  Versus  Rock  Strength 

(Hourly  Rate  of  Advance  for  Continuous  Operation) 


.£•’  ;.W  Ultfrf’si  ' 


Figure  13.  Parametric  Analysis  of  Tunneling  System 

(Simplified  Example) 

Rock  Compressive  Strength  =  20,000  psi 
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diameter  tunnels  than  in  8-14  ft  tunnels  (possibly  due  to  machine  limita¬ 
tions  in  the  smaller  tunnels  or  to  some  unidentified  rock  fracturing 
enhancement  in  larger  tunnels)  and  this  is  shown  in  the  shape  of  the 
curve.  These  faster  rates  of  advance  in  the  larger  tunnels,  however, 
have  been  achieved  only  by  increasing  exponentially  the  rated  horsepower 
of  a  machine  for  a  corresponding  linear  increase  in  diameter.  A  20-ft- 
diameter  machine,  for  example,  requires  1800  hp.  A  conclusion  may  be 
drawn  that  there  is  probably  a  region  of  larger  tunnels  and  higher  ad¬ 
vance  rates  that  cannot  be  bored  because  of  power  limitations.  This  is 
shown  as  the  "power-limited"  region  shaded  in  Fig.  13.  Further  study  is 
needed  to  define  the  true  boundary  of  this  region.  The  region  excluded 
in  Fig.  13  is  for  a  2000-hp  or  greater  power  requirement. 


Interaction  between  the  boring  machine  and  the  materials  handling 
system  can  be  seen  by  considering  the  selected  material  handling  capa¬ 
bility  curves  (dashed  lines)  of  Fig.  13.  Each  of  these  curves  shows  the 
rate  of  advance  that  could  be  supported  by  such  a  capability  (no  change 

in  bulk  density  of  the  rock  and  constant  bulk  flow  is  assumed  for 

3 

simplicity).  It  can  be  seen  that  a  500  ft  /hr  materials  handling  system 
would  be  inadeuqate  for  a  tunnel  diameter  greater  than  approximately 
11.5  ft,  1000  ft^/hr  for  15.4  ft,  and  2000  ft^/hr  for  18.6  ft,  respectively. 


One  further  limiting  factor  may  also  be  identified.  Investigation 
may  show  that  the  range  of  material  handling  capacities  is  limited  by 
tunnel  size.  Large  volume  rate  capacities  perhaps  cannot  be  achieved 
unless  the  tunnel  size  exceeds  some  necessary  minimum  area  to  accommodate 
the  system.  This  would  impose  a  tunnel  area  limitation  on  material 
handling  capability  and  a  corresponding  region  of  Fig,  13  ("area  limited") 
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is  not  attainable  because  of  this  geometric  constraint.  Again,  further 

A 

study  is  needed  to  define  the  boundary  of  this  region. 

Note  that  this  simplified  example  presents  only  an  approach  to 
systems  analysis.  It  does  not  specifically  include  consideration  of 
*  many  details  (for  example,  boring  machine,  cutter  life,  materials  handling 
system  extension  and  logistics,  ground  support  installation,  environmen¬ 
tal  control)  which  may  be  important  and  can  be  studied  using  the  computer 
simulation. 


A  third  example,  one  illustrating  comparative  cost  and  performance 
analysis,  is  shown  in  Table  3.  In  this  simplified  example  three  differ¬ 
ent  rock  fragmentation  processes  are  compared.  The  gross  measures  of 
performance,  rate  of  advance  in  feet  per  hour,  and  job  material  unit  cost 
in  dollars  per  cubic  yard  are  listed  in  the  right-hand  columns  of  this 
table.  The  particular  tunnel  being  considered  is  20  ft  in  diameter  in 
15,000-psi  rock  of  168  lb/ft3  weight  density. 


An  important  feature  to  note  in  this  table  is  the  identification 
different  major  cost  items  for  the  three  different  processes.  For 
the  boring  machine,  the  major  job  material  cost  item  is  cutter  wear; 
for  the  i/ater  jet  it  is  power  cost;  for  projectile  impact  it  is  the  cost 
of  projectiles.  Additional  investigation  of  other  rock  strengths  would 


The  boundary  of  this  region  can  be  defined  when  a  relationship  between 
tie  maximum  volume  rate  capacity  of  the  materials  handling  system  and 
diameter  can  be  established.  For  example,  an  assumption 
taat  the  relationship  is  of  the  form 
N 


where 


n=l 


n 

D 


maximum  volume  rate  capacity  of  material  handling  system 
coefficients  of  the  relationship 

tunnel  diameter 


leads  to  a  boundary  in  Fig.  13  defined  by  the  equation 

N 

R  =  =  ~  /  C  Dn  3  where  R  =  rate  of  advance 

.2  7T  /  1  n 

n=l 


ttD 
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identify  trends  in  these  costs;  it  would  be  expected,  for  example,  that 
cutter  wear  cost  would  rise  steeply  as  rock  strength  or  abrasiveness 
increased,  while  water  jet  power  or  projectile  cost  may  not  increase 
as  rapidly. 

Again  it  should  be  stressed  that  this  is  a  simplified  example  which 
illustrates  the  types  of  studies  needed  to  show  the  major  performance 
characteristics  of  different  systems;  it  is  not  the  result  of  any 
detailed  study. 

A  final  example  of  system  analysis  is  shown  in  Fig.  14.  This 
example  illustrates  the  use  of  the  utilization  values  that  are  calculated 
for  each  of  the  excavation  elements  to  identify  incompatibility  between 
a  boring  machine  and  its  materials  handling  system.  Assume  that  the 
materials  handling  system  capacity  drops  off  as  the  tunnel  heading  ad¬ 
vances.  This  could  be  due  to  increased  cycle  times,  for  example.  If 
the  materials  handling  system  capacity  matched  the  advance  rate  of  the 
boring  machine  at  the  start  of  the  tunnel,  it  would  be  less  and  less 
adequate  as  the  boring  machine  advanced.  Thus  the  boring  machine  would 
have  to  idle  at  times  to  allow  the  materials  handling  system  to  catch  up, 
and  this  would  be  reflected  in  low  utilization  of  the  boring  machine. 

The  difference  between  the  utilization  of  the  materials  handling  system 
and  the  boring  machine  is  a  measure  in  this  case  of  the  incompatibility 
between  them. 
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MATERIALS  HANDLING  (FULLY  UTILIZED)  ASSUMED  SYSTEM  PERFORMANCE 
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igure  14.  Impact  of  Incompatible  Element  Performance 

(Simplified  Example) 


II.  GEOLOGY 


A.  GEOLOGICAL  SURVEYING  AND  PREDICTION 

It  is  generally  recognized  that  the  geological  (and  hydrological) 
conditions  more  than  any  other  factor  determine  the  degree  of  difficulty 
and  the  cost  of  a  given  tunnel  project.  This  is  easy  to  see,  since  the 
tunneling  system,  support  and  liner  design,  and  total  system  performance 
are  a  direct  and  strong  function  of  the  geologic  medium  to  be  tunneled 
through.  In  essence,  the  latter  is  truly  a  key  variable  in  the  total 
economic  picture  of  a  project.  As  a  result,  geologic  exploration  and 
prediction  techniques  have  a  very  important  influence  on  the  planning, 
design,  and  performance  of  an  excavation  system.  Although  it  is  not  yet 
possible  to  identify  a  return-on-investment  relationship  for  geological 
exploration  it  is  clear  that  a  more  accurate  knowledge  of  geological 
conditions  will  permit  considerable  savings  from  the  improved  planning 
and  design  of  a  project. 

At  present,  less  than  2%  of  the  total  project  cost  is  generally 
allocated  to  pre-excavation  geological  investigations . ® This 
probably  reflects  the  fact  that  the  scope  and  extent  of  the  geological 
survey  is  a  compromise  between  technical  desirability  and  economic 
feasibility.  Moreover,  the  point  of  compromise  may  not  be  reached  objec¬ 
tively  in  many  instances.  Budgetary  considerations  of  sponsoring  agencies, 
political  considerations,  etc.,  may  also  play  a  role  in  the  decision 
process . 

The  results  of  a  geological  exploration  program  should  consist  of 
sufficient  amounts  of  data  concerning  lithological ,  hydrological,  and 
rock-mass  properties  to  enable  a  designer  and  contractor  to  plan  a 
construction  project  with  confidence.  This  includes  both  the  quantita¬ 
tive  aspects  of  engineering  and  excavation  system  design,  and  scheduling 
plans  and  cost  estimates.  In  other  words,  the  contractor  wants  answers 
to  the  following  key  questions: 
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1.  What  would  be  the  most  suitable  excavation  method? 

2.  What  are  the  ground  support  and  tunnel  liner  requirements 
along  the  length  of  a  proposed  tunnel? 

3.  How  much  ground-water  inflow  can  be  expected  along  the 
tunnel  length? 

4.  What  is  the  location  of  potential  geologic  hazards? 

The  extent  to  which  such  questions  can  be  answered  with  precision 
and  reliability  determJnes  to  a  large  extent  the  ultimate  cost-performance 
success  of  the  construction  project. 

The  conclusion  one  draws  from  this  and  other  more  comprehensive 
discussions  of  geological  conditions  and  their  impact  on  excavation11-19 
is  that  non-homogeneous  geology  is  a  major  consideration  and  any  geology 
model  intended  to  interact  with  an  excavation  simulation  should  be  able 
to  delineate  geological  discontinuities  and  inhomogeneities  such  as 
faults,  joints,  bedding  planes,  rock-soil  interfaces,  and  ground-water 
concentrations . 

B .  GEOLOGY  MODEL 

1.  Overview 

The  geology  model  is  a  part  of  the  excavation  simulation  model 
which  is  illustrated  schematically  in  Fig.  3.  One  of  the  basic  require¬ 
ments  which  was  established  for  this  simulation  model  by  the  Bureau  of 
Mines  was  that  it  provide  a  realistic  modeling  of  the  geological  condi¬ 
tions  encountered  during  the  process  of  tunneling;  specifically,  it  was 
established  that  the  rock  which  was  encountered  was  not  to  be  modeled  as 
a  homogeneous  medium.  It  was  also  established  that  the  excavation  model 
was  intended  to  be  used  as  a  research  tool  which  would  aid  in  evaluating 
the  relative  cost  and  performance  characteristics  of  various  techniques 
which  might  be  used  for  tunneling  through  hard  rock  in  the  near  future. 
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This  latter  consideration  led  to  a  decision  to  design  the  overall  excava¬ 
tion  model  in  such  a  way  that  the  portion  which  was  concerned  with  model¬ 
ing  geological  conditions  was  a  separate  entity. 

The  geology  model  is  intended  to  be  a  convenient  tool  for  building 
a  file  of  data  which  represents  the  geological  conditions  found  within 
a  given  three-dimensional  region  of  rock.  The  geology  model  is  primarily 
intended  for  use  in  building  files  which  represent  hypothetical  geologies. 
Reasonably  accurate  repres2ntations  of  existing  geological  regions  may 
also  be  constructed,  if  desired.  The  sizes  of  the  geological  regions 
which  are  simulated,  as  well  as  the  spacings  of  data  points  within  the 
regions,  are  under  the  control  of  the  user.  A  three-dimensional  geology 
model  was  considered  to  be  desirable  because  the  eventual  consideration 
of  shafts,  caverns  and  alternative  tunnel  routes  would  be  aided  by  such 
a  model.  (A  simple  one-dimensional  geology  versus  tunnel  length  program 
is  also  supplied  as  a  utility  tool  if  the  user  prefers.  This  will  be 
mentioned  again  shortly  in  Sec.  II-B-4) . 

Simulating  inhomogeneous  geologies  in  three  dimensions  seemed  to  -be 
best  approached  by  a  deterministic  model  which  would  allow  a  user  to 
include  desired  geologic  features  in  any  location  cr  sequence  he  chose. 
Probabilistic  variations  of  geology  could  subsequently  be  added  if  statis¬ 
tical  studies  provided  the  needed  data.  The  geology  model  has,  therefore, 
been  developed  as  a  deterministic  model  of  appropriate  three-dimensional 
geologic  characteristics.  The  model  is  designed  to  simulate  the  geometry 
of  strata  having  arbitrarily  assigned  quality,  strength,  abrasiveness, 
density,  temperature,  and  water  content. 

Basically,  we  considered  two  methods  of  modeling  the  geology: 
serial  and  parallel.  One  can  completely  model  the  geology  first,  and 
then  model  the  excavation  process,  or  one  can  "make  up"  the  geology  as 
the  excavation  process  takes  place.  The  former  approach  was  chosen.  By 
modeling  the  geology  first,  we  can  completely  separate  the  geology 
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modeling  logic  from  the  excavation  modeling  logic;  this  simplifies  both, 
and  also  simplifies  the  work  involved  in  simulating  alternative  excava¬ 
tion  methods.  This  approach  also  simplifies  the  work  involved  in  evalua¬ 
ting  the  use  of  alternative  excavation  systems  in  the  same  geological 
conditions .  In  this  case,  the  geology  need  only  be  simulated  once.  It 
can  then  be  kept  "on  file"  and  be  used  repetitively  by  simulations  of 
various  excavation  systems.  The  serial  approach  simplifies  the  work 
involved  in  simulating  the  actual  geology  in  which  one  might  be  interested 
It  also  simplifies  the  problems  involved  in  ensuring  that  geological 
features  are  encountered  in  realistic  sequences  and  contexts. 

Using  the  serial  approach,  the  geology  is  entirely  determined  before 
the  excavation  begins.  This  fact  need  not  restrict  the  tunneling  model. 
The  tunneling  model  accesses  the  geology  file  to  determine  what  the 
geology  of  a  given  location  is,  only  when  the  excavation  has  proceeded 
to  that  point,  and  updates  the  previous  knowledge  of  the  geology  at  that 
time.  From  the  point  of  view  of  the  excavation  simulation,  the  situation 
is  exactly  analogous  to  that  found  in  actual  practice;  the  geology  is 
completely  determined  beforehand,  but  those  who  are  excavating  do  not 
know  for  sure  what  the  geology  will  be  until  they  encounter  it.  The  ex¬ 
cavation  simulation  can  therefore  be  made  to  respond  to  unexpected  geolo¬ 
gies  in  a  realistic  manner — involving  alternative  processes  and  techniques 
time  delays,  and  added  costs. 

The  basic  structure  of  the  geology  model  is  shown  in  Fig.  15.  In 

the  following  paragraphs  it  will  be  convenient  first  to  discuss  the 

structure  of  the  geology  file  which  is  generated;  this  gives  some  insight 

into  the  nature  of  the  model.  Then  a  discussion  of  the  computer  logic 

is  given.  Finally  a  description  of  how  the  geology  model  interfaces  with 

the  tunneling  simulator  is  given.  Further  details  documenting  the  inputs 

the  methods  of  operation  and  the  outputs  of  the  model  may  be  found  in 

20 

the  accompanying  appendices. 
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2.  Output  File  Structure 

The  geology  file  produced  by  the  geology  model  is  a  simple  sequen¬ 
tial  (i.e.,  tape-like)  file.  This  file  consists  of  four  parts,  in  order: 

1.  Dimensional  Information 

2.  Rock  Layer  Information 

3.  Rock  Property  Information 
Layer  Position  Information 

Each  of  these  four  parts  will  be  discussed  in  turn. 

The  dimensional  information  specifies  the  size  of  the  region  to  be 
modeled  and  the  horizontal  spacing  between  data  points.  Implicitly,  it 
also  specifies  the  number  of  entries  which  will  be  found  in  the  fourth 
part  of  the  geology  file — the  layer  position  information.  In  order  to 
see  how  this  is  done,  imagine  for  a  moment  that  you  are  well  up  in  the 
air,  looking  down  at  a  rectangular  region  of  the  earth's  surface.  This 
region  is  described,  throughout  the  model,  by  means  of  the  following 
directional  notation  conventions: 

Y,  NORTH,  J,  OR  N  DIRECTION 

X,  EAST,  I,  OR  M  DIRECTION 

The  compass-like  notation  is  used  for  input  convenience.  The  X  and  Y 
notation  is  used  when  it  is  convenient  to  refer  to  points  within  the 
region  by  means  of  floating-point  coordinates;  either  the  I  and  J  or  the 
M  and  N  notation  is  used  when  it  is  convenient  to  refer  to  selected 
points  within  the  region  by  means  of  integer  coordinates.  Vertical  levels 
are  always  referred  to  by  floating-point  numbers;  the  variable  name  Z  is 
used  for  this  purpose.  The  positive  vertical  direction  is  upward. 

Within  the  model,  this  region  is  divided  up  into  an  integral  number 
of  grid  squares.  There  are  NX  squares  from  right  to  left  and  NY  squares 
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from  top  to  bottom.  NX  need  not  equal  NY.  These  grid  squares  need  not 
actually  be  square.  A  scale  factor  can  be  associated  with  each  of  them. 
Thus,  each  square  is  SCALEX  wide  and  SCALEY  high.  SCALEX  need  not  equal 
SCALEY.  The  geology  file  contains  geological  layer  position  information 
for  each  point  at  which  the  grid  lines  cross. 

Going  back  for  a  moment  then,  the  first  part  of  the  geology  file 
contains  four  entries  of  dimensional  information  which  specify  the  size 
of  the  region  to  be  modeled  and  the  horizontal  spacing  of  the  data 
points.  At  the  present  time,  the  model  can  accommodate  regions  in  which 
NX  and  NY  are  each  less  than  or  equal  to  30.  The  values  of  SCALEX  and 
SCALEY  are  not  subject  to  any  practical  limitations. 

The  present  version  of  the  geology  model  allows  the  user  to  specify 
up  to  25  different  layers  of  rock.  These  layers  of  rock  may  be  of  up  to 
25  different  kinds  of  rock. 

The  geology  model  allows  the  user  to  easily  generate  surfaces,  which 
are  interpreted  as  the  upper  boundaries  of  layers  of  specified  kinds  of 
rocks.  The  user  is  required  to  number  these  layers,  for  identification, 
purposes,  as  he  generates  then.  There  is  no  requirement  that  the  rela¬ 
tive  vertical  positions  of  layers  be  in  any  way  related  to  the  identifi¬ 
cation  numbers  assigned  to  them.  The  basic  coordinate  system  used  is 
illustrated  in  ?ig.  16.  For  the  sake  of  clarity,  only  one  surface  has 
been  drawn. 

The  second  part  of  the  geology  file  is  simply  a  copy  of  the  values 
which  the  user  placed  in  the  array  named  INDEX.  The  value  of  INDEX 
(ILAYR)  is  the  number  of  the  rock  type  which  the  user  specified  as  being 
found  directly  beneath  the  surface  which  he  gave  the  identification 
number  ILAYR,  Let  us  suppose  that  INDEX  (ILAYR)  =  IROCK.  Then,  PROP  (1 
through  6,  IPOCK)  contains  the  six  parameters  which  the  user  specified 
as  defining  the  kind  of  rock  which  he  gave  the  rock  identification  number 
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IROCK.  The  third  part  of  the  geology  file  is  simply  a  copy  of  the 
values  which  the  user  placed  in  the  array  named  PROP. 

The  fourth  part  of  the  geology  file  consists  of  NX  times  NY  entries. 
Each  entry  is  for  a  single  point  at  which  the  grid  lines  cross;  the 
coordinates  of  that  point  are  the  integers  (I,  J) .  The  Z  for  L  =  1  to 

Ju 

ILAYRm  are  the  vertical  positions  of  the  top  surfaces  of  the  layers  which 
the  user  has  given  the  identification  numbers  1  through  lLAYRm  respectively 
Z  values  for  layers  which  he  has  not  specified  are  set  to  the  value 
Z  =  -10"^.  In  interpreting  the  entires  at  a  given  (I,  J)  location,  it 
is  understood  that,  in  case  of  overlap,  an  arbitrary  rule  determines 
which  layer  numbers  take  precedence. 

3.  Geology  Model  Logic 

There  are  two  major  phases  of  the  geology  model.  During  the  first 
phase,  the  user  is  aided  in  manipulating  surfaces  on  an  NX  by  NY  grid. 

These  working  surfaces  may  then  be  given  layer  number  and  rock  type  iden¬ 
tification  numbers,  and  be  stored  on  auxiliary  storage  (usually  disk 
storage)  one  surface  at  a  time.  The  user  is  allowed  to  have  up  to  seven 
working  surfaces  in  existence  at  any  one  time.  As  was  previously  stated, 
the  mu'jel  as  presently  implemented  will  accommodate  up  to  25  layer  sur¬ 
faces  . 

Once  the  user  has  specified  the  surfaces  which  form  the  interface 
boundaries  of  the  rock  strata  in  the  area  of  interest,  he  may  geometri¬ 
cally  alter  or  displace  these  surfaces  by  use  of  input  data  cards  used 
to  control  the  operation  of  the  geology.  The  purpose  of  each  of  the 

different  input  data  cards  is  explained  in  the  appendices  cited  pre- 
20 

viously.  The  main  purpose  of  this  operation  is  to  allow  the  user 
* 

The  properties  presently  considered  are  rock  quality  (RQD) ,  compressive 
strength,  abrasiveness,  density,  temperature,  and  water  inflow.  The 
geology  model  is  equally  capable  of  using  any  other  six  properties  or 
combinations  of  these  as  desired. 
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greater  flexibility  in  modeling  geometric  surfaces  to  represent  geologic 
layers. 

The  result  of  the  first  phase  of  operation  is  a  collection  of  in¬ 
dividual  files,  each  corresponding  to  the  Z  values  of  a  single  layer 
surface;  each  such  file  of  Z  values  is  in  the  customary  FORTRAN  ordering 
by  I  and  J.  What  is  desired  is  of  course  a  single  file,  ordered  by  I 
and  J,  which  contains  the  Z  values  for  every  surface  at  each  value  of  I 
and  J.  This  phase,  which  begins  upon  the  receipt  of  a  MAKEFILE  card, 
is  essentially  a  reordering  phase.  During  this  phase,  the  values  of  NX, 
NY,  SCALEX  and  SCALEY,  as  well  as  the  contents  of  the  arrays  named  INDEX 
and  PROP,  are  written  out  onto  the  new  geology  file.  The  rest  of  the 
file  is  constructed  by  stepping  through  all  values  of  I  and  J  and  for 
each  data  point  so  defined,  reading  the  corresponding  Z  value  from  each 
of  the  layer-surface  files,  consolidating  these  values  into  one  entry, 
and  writing  this  information  onto  the  new  geology  file.  When  tnis 
process  is  completed,  the  operation  of  the  geology  model  is  terminated. 

Figure  17  illustrates  the  two-phase  nature  of  the  geology  model. 

In  summary,  the  operation  of  the  geology  model  involves  specifying 
rock  strata  surfaces,  specifying  rock  properties  by  stratum,  deforming 
the  surfaces  as  required,  and  then  reordering  the  information  to  produce 
a  geology  file  which  can  be  accessed  by  geographical  coordinates.  The 
object  is  to  model  realistically  complex  geologies  in  three  dimensions, 
in  a  reasonable  manner,  without  a  great  expenditure  of  computer  time. 

4 .  Geology  Model-Tunneling  Model  Interface 

The  first  step  in  the  operation  of  the  tunneling  model  is  to  read 
the  specifications  defining  the  coordinates  of  the  tunnel  to  be  excavated, 
and  to  use  this  information  to  access  the  complete  geology  file  which  was 
produced  by  the  geology  model,  in  order  to  produce  a  much  smaller  file  of 
geological  information  along  the  length  of  the  tunnel.  This  step  is 
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performed  primarily  as  a  matter  of  processing  convenience;  the  resulting 
reduction  in  the  volume  of  the  geology  file  and  the  ordering  of  the  data 
during  this  operation  led  to  the  simplification  of  the  logic  of  the  rest 
of  the  tunneling  model.  In  addition,  this  smaller  geology  file  provides 
a  convenient  starting  point  for  the  operation  of  the  model  during  studies 
of  the  excavation  of  the  same  tunnel  by  alternative  systems.  In  such 
studies,  all  processing  up  to  this  point  need  be  performed  only  once. 
Figure  18a  depicts  the  process  of  generating  the  file  of  tunnel  geology 
versus  tunnel  length  from  the  three-dimensional  geology  model. 

If  the  user  wishes  to  bypass  the  three-dimensional  geology  model 
entirely,  a  utility  program  is  provided  to  create  a  one-dimensional 
geology  versus  tunnel  length  which  includes  the  same  six  geologic  proper¬ 
ties  as  used  above.  In  this  case  it  is  necessary  to  provide  data  cards 
which  determine  the  location  of  change  in  geologic  conditions  along  the 
length  of  the  tunnel.  This  is  illustrated  in  Fig.  18b. 

The  continued  interaction  between  the  resulting  new  geology  file 
and  the  activities  associated  with  the  excavation  process  will  become 
evident  as  we  proceed  into  a  discussion  of  the  tunneling  model  itself, 
beginning  with  the  first  of  the  major  elements  of  the  process,  rock 
fragmentation. 
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(a)  Three-Dimensional  Geology  Conversion 
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(b)  Utility  Program  for  a  One-Dimensional  Geology  Model 


Figure  18.  Creating  a  Tunnel  Geology  versus  Tunnel  Length  File 
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III.  ROCK  FRAGMENTATION 


A.  INTRODUCTION 

The  function  of  the  rock  fragmentation  element  is  to  fracture  rock 
into  fragments  suitable  for  removal  by  the  materials  handling  system. 
Fracturing  may  be  accomplished  by  mechanical  forces,  thermal  stresses, 
impact,  explosion,  or  any  of  a  number  of  other  techniques  which  can  be 
used  to  break  rock  (Table  4). 


TABLE  4 

ROCK  FRAGMENTATION  TECHNIQUES 


Rotary  cutter 
Drag  cutter 
Spark 
Explosive 
Pellet 
Projectile 
Impact  hammer 
Erosion 
Water  jet 


Flame  jet 
Plasma 
Electric  arc 
Laser 

Electron  beam 
Microwave 
Ultrosonic 
Radiant  heat 
Nuclear 


The  drill-and-blast  process  of  excavating  is  the  standard  and  most 
often  used  process  for  hard  rock.  Although  there  are  inherent  cyclic 
delays  (no  rock  can  be  loaded  for  removal  during  drilling  and  shooting, 
and  all  activity  must  be  stopped  after  shooting  to  allow  time  for  exhaust 
of  explosive  fumes)  the  high  intermittent  rate  of  breakage  of  rock  is 
sufficient  to  counterbalance  these  delays,  thus  often  making  drill  and 
blast  the  most  rapid,  economical,  and  sometimes  the  only  practical,  means 
of  excavating  hard  rock  today. 
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Improvements  in  the  drill-and-blast  process  may  be  achieved  by 
shorter  cycle  times,  increased  automation,  and  better  operational  plan¬ 
ning.  It  may  be  unrealistic  to  expect  great  improvement,  however,  without 
substantially  changing  the  cyclic  nature  of  drill-and-blast  excavation. 
Because  conventional  drill-and-blast  excavation  plays  the  major  role  in 
hard  rock  excavation  today,  it  has  been  included  in  the  excavation  simu¬ 
lation  to  represent  conventional  excavation.  It  has  been  modeled  in  a 
manner  which  will  also  allow  simulation  of  advanced  drill-and-blast 
systems  which  are  automated  and  have  reduced  cycle  times. 

The  most  promising  approach  to  achieving  rapid  excavation  of  hard 
rock,  the  National  Research  Council  concludes,  lies  along  the  path  toward 
a  more  continuous  method  of  rock  fragmentation  which  eliminates  wasteful 
cyclic  delays.  Placed  at  the  top  of  its  list  of  research  priorities  is 
development  of  new  processes  and  equipment  for  boring  tunnels  and  shafts 
in  hard  abrasive  rock.^ 

A  major  thrust  of  research  effort  today  is  to  improve  the  perform¬ 
ance  of  tunneling  machines  and  mechanical  excavators  so  they  will  perform 
economically  in  hard  rock.  At  the  present  time  these  recently  developed 
"moles"  and  tunneling  machines  are  most  suitable  for  sof t-to-medium-hard 
rock  and  fairly  uniform  geology.  They  do  not  yet  attain  economical  per¬ 
formance  in  harder,  more  abrasive  rock  because  their  cutters  wear  too 
rapidly  and  do  not  break  rock  fast  enough;  the  machines  themselves  may 
cause  costly  delays  during  fabrication  and  assembly,  or  through  break¬ 
down.  Considerable  research  is  now  in  progress,  with  some  notable  success, 
to  eliminate  equipment  failure,  reduce  cutter  wear,  and  improve  rock 
breakage  of  tunneling  machinery.  Boring  machine  excavation  is  modeled  to 
reflect  the  performance  of  the  current  rolling  disc  cutter  type  of  machine 
such  as  that  manufactured  by  the  Robbins  Company. 
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A  second  major  thrust  of  research  effort  today  is  to  identify  new 
techniques  to  break  rock  without  requiring  physical  contact  between  the 
rock  and  the  machine,  thereby  eliminating  cutter  wear  that  periodically 
halts  progress  for  replacement  of  cutters.  The  range  of  possible  techni¬ 
ques  to  achieve  this  goal  is  wide;  it  includes  impact  techniques  using 
projectiles  or  water  jets,  thermal  techniques  using  electron  oeams ,  plasma 
arcs,  lasers,  and  many  others  usually  termed  as  a  group  the  novel  techni¬ 
ques  of  rock  disintegration.  Two  of  these  novel  techniques  have  been 
included  in  the  simulation  at  this  time:  projectile  impact  and  water 
jet  (both  pulses  and  continuous)  .  Additional  novel  techniques  may  be 
modeled  when  sufficient  field  trial  data  is  available  to  allow  a  valid 
estimate  of  performance  to  be  made. 

Before  we  proceed  to  a  detailed  description  of  the  computer  models 
of  the  various  fragmentation  techniques,  we  present  a  short  discussion 
of  rock  failure  and  the  derivation  of  an  engineering  parameter  to  measure 
the  interaction  between  fragmentation  device  and  the  rock. 

1.  Rock  Failure 

Some  of  the  failure  modes  of  hard  rock  are: 

1.  Crushing  in  a  region  of  high  applied  pressure  which  is  greater 
than  the  compressive  strength  of  the  rock.  This  pressure  may 
be  applied  by  the  thrust  of  a  cutter  rolling  across  the  rock; 
it  may  result  from  the  sudden  expansion  of  exploding  gases; 

or  it  may  be  induced  by  the  energy  transferred  from  a  high- 
velocity  jet  of  water  or  solid  projectile  striking  the  face. 

2.  Shearing  of  the  rock  from  the  forces  induced  by  uneven  com¬ 
prehensive  loading,  the  scraping  of  picks  and  non-rolling 
cutters  or  the  erosive  force  of  a  fluid  jetting  across  the 
rock  surface  at  high  speed. 


3. 


Tensile  stress  failure  caused  by  the  interaction  of  stress 
waves  produced  in  the  rock  by  detonation  or  impact  of  a  jet 
or  projectile.  This  mode  of  failure  is  found  especially 
in  brittle  rock. 

4.  Separation  of  faulted  or  kerfed  fragments  by  stresses  induced 
at  terminal  junctures  of  cracks,  kerfs,  and  fissures  in  the 
rock.  This  mode  of  failure  exploits  preexisting  weakness 
present  in  the  rock  or  created  by  kerf  cuts  or  previous  jet 
or  projectile  impact. 

Although  it  might  intuitively  be  expected  that  the  performance  of 
any  method  of  rock  fragmentation  would  be  strongly  dependent  on  the 
mechanical  properties  (e.g.,  compressive  strength)  of  the  rock,  no  unify¬ 
ing  relationships  of  this  kind  have  been  developed.  This  may  be  the 
result  of  an  insufficient  understanding  of  the  different  modes  of  failure 
of  the  rock.  These  may  be  related  to  rock  properties  not  now  being 
measured,  or  perhaps  the  rock  properties  which  are  being  measured  are 
not  being  correlated  in  proper  combination. 

An  engineering  approach  to  measuring  the  performance  of  any  frag¬ 
mentation  technique  is  to  assume  a  relationship  between  gross  energy 
output  of  the  device  and  the  amount  of  rock  that  is  fragmented  as  a 
result. 

A  common  form  for  this  relationship  is: 


where  E  »  gross  energy  required  per  unit  volume  of  rock  broken 
P  =  power  supplied  by  the  fragmentation  device 
t  =  time  interval  in  which  fragmentation  occurs 
Q  *  volume  of  rock  fragmented 
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The  energy  parameter  E,  as  defined  above  is  actually  a  measure  of 
device-rock  interaction.  Frequently  found  in  the  literature  referred 
to  as  "specific  energy,"  it  has  occasionally  been  misconstrued  as  an 
inherent  property  of  the  rock  or  of  the  rock  fragment  size  distribution. 
The  value  of  the  energy  parameter  measured  for  any  rock-breaking  process, 
however,  will  depend  not  only  on  the  energy  supplied,  but  also  of  the 
fraction  that  is  absorbed  by  the  rock,  the  modes  of  failure  of  the  rock, 
and  the  size  of  rock  fragments  formed.  In  the  following  sections  it 
will  be  made  clear  what  basis  for  determining  energy  values  has  been 
used.  The  term  "specific  energy"  is  not  used  in  this  report  because  we 
wish  to  emphasize  that  the  values  of  energy  for  two  different  techniques 
are  comparable  only  if  the  bases  for  calculation  and  the  fragment  size 
distribution  are  similar. 


TABLE  5 

ROCK  FRAGMENTATION  PROCESSES  MODELED 

Drill  and  Blast 
Boring  Machine 

Water  Jet  (pulsed  or  continuous) 
Projectile  Impact 


Table  5  above  lists  those  rock  fragmentation  processes  which  are 
presently  included  in  the  excavation  model.  Other  promising  fragmentation 
techniques  are  being  investigated  now  for  inclusion  in  a  further  develop¬ 
ment  of  the  model. 


Some  concluding  remarks  concerning  the  interaction  of  rock  fragmen¬ 
tation  with  the  tunnel  geometry,  geology  and  other  elements  of  excavation 
are  appropriate  at  this  time. 

2.  Tunnel  Geometry 

The  size  and  shape  of  the  desired  tunnel  places  a  major  constraint 
on  the  type  of  excavation  device  that  can  be  used.  Most  boring  machines 
are  currently  designed  to  produce  only  circular  tunnels  and  are  generally 
limited  to  tunnels  of  25-ft  diameter  or  less  (although  the  Mangla  Dam 
project  in  Pakistan  was  successfully  bored  to  a  record  diameter  of  36.7 
ft).  Circular  tunnels  provide  advantages  in  hydroelectric  and  water 
reclamation  applications  because  their  smooth  uniform  cross  section 
reduces  water  flow  resistance.  For  other  applications  such  as  transpor¬ 
tation  or  mining,  however,  circular  tunnels  are  usually  not  desired 
because  a  firm  flat  base  is  needed  for  mobility  of  equipment.  Another 
limitation  to  the  use  of  boring  machines  is  due  to  the  necessary  large 
investment  in  the  machine  itself  and  the  delay  in  mobilizing  it  at  the 
tunneling  site.  Because  of  this  investment  in  time  and  money,  many 
shorter  tunnels  are  not  suited  for  economically  boring  by  machine. 

Although  there  have  been  exceptions,  most  tunnels  bored  in  the  past  have 
been  a  mile  or  more  in  length.  The  exceptions  have  generally  involved 
reuse  of  a  machine  which  had  been  paid  for  by  an  earlier  project;  as 
more  tunneling  machines  become  available  in  this  manner  it  may  be  expected 
that  a  greater  number  of  shorter  tunnels  will  also  be  bored  economically 
by  machine. 

The  consideration  of  overbreak  is  important  in  deciding  on  an 
economical  excavation  technique.  Overbreak  is  the  amount  beyond  the 
design  cross  sectional  area  of  the  tunnel  which  must  be  excavated  in 
order  to  achieve  the  satisfactory  final  design.  In  conventional  drill 
and  blast,  where  the  surface  produced  by  rock  fragmentation  is  irregular 
and  to  some  extent  unpredictable,  the  overbreak  required  is  substantial, 
frequently  as  much  as  20%.  This  overbreak  causes  an  increased  load  to 
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be  placed  on  the  materials  handling  system  because  of  the  greater  volume 
of  rock  that  has  to  be  removed.  It  also  adds  to  the  ground  support  and 
tunnel  lining  requirement  for  the  tunnel  sometimes  increasing  the  con¬ 
current  costs  considerably.  Boring  machines  (and  possibly  many  of  the 
novel  techniques  considered)  produce  a  more  predictable,  smoother  tunnel 
surface,  and  5%  overbreak  or  less  is  commonly  planned  for. 

Tunnel  curvative  and  change  in  cross  section  are  other  aspects  to 
consider.  Tunnel  boring  machines,  although  their  flexibility  to  respond 
to  these  geometric  requirements  is  improving,  are  presently  too  large  and 
cumbersome  to  cope  with  changes  in  alignment,  grade,  or  diameter  efficiently. 

3.  Geology 

The  impact  of  geology  on  drill-and-blast  excavation  lies  in  its 
relationship  to  drill  pattern,  amount  of  explosive  needed,  and  depth  of 
round  suitable  to  maximize  the  tunnel  advance  without  jeopardizing  the 
stability  of  the  tunnel  or  excessively  ovcrbreaking  the  tunnel  walls. 

Compared  to  boring  machine  excavation,  drill  and  blast  responds  more 
flexibly  to  changing  geologic  conditions  and  is  not  as  limited  by  hard 
abrasive  rock. 

The  strength,  abrasiveness,  and  quality  of  the  rock  are  the  major 
factors  affecting  boring  machine  performance.  High  rock  strength  slows 
boring  machine  advance,  high  abrasiveness  wears  the  cutters  faster,  and 
poor  or  blocky  rock  quality  causes  difficulties  with  the  acquisition 
of  the  broken  rock,  sometimes  jamming  the  cutters  or  muck  buckets  on 
the  boring  head. 

The  novel  techniques  such  as  water  jet  and  projectile,  which  rely 
on  impact  for  fragmentation  of  the  rock,  appear  to  be  affected  most  by 
the  rock  density  because  it  determines  the  energy  coupling  between  the 
jet  or  projectile  and  the  rock.  The  degradation  of  fragmentation  rate 
with  increasing  rock  density  for  these  impact  techniques  is  considerably 
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less  than  would  be  the  degradation  of  boring  machine  performance  for 
the  same  harder  rocks. 

Thermal  techniques  still  under  investigation  in  the  laboratory 
fracture  rock  in  several  ways  which  depend  on  the  mineral  characteristic 
of  the  rock.  Spalling  is  et.hanced  with  increasing  quartz  content  of 
the  rock.  Thermal  expansion  of  the  rock  in  situ  creates  stresses  which 
cause  failure  and  are  related  to  the  application  of  the  thermal  energy, 
and  the  thernal  properties  of  the  rock. 

4.  Materials  Handling 

Any  fragmentation  technique  affects  materials  handling  because  of 
the  rock  volume  broken  and  the  heading  advance.  The  broken  rock  must  be 
removed  and  the  materials  handling  system  must  be  advanced  to  keep  up 
with  excavation.  Beyond  these  obvious  interactions  there  are  several 
of  importance  to  consider  generally.  Size  distribution  of  the  rock  frag¬ 
ments  determines  the  suitability  in  many  cases  of  the  materials  handling 
system.  Rail  car  systems  or  truck  haulage  can  be  suitable  for  almost 
any  size  distribution  of  muck,  while  conveyors,  hydraulic  pipelines, 
or  pneumatic  transfer  rystems  may  require  smaller  fragments  and  a  more 
uniform  distribution  of  sizes. 

The  abrasiveness  of  the  fragments  affects  the  wear  of  the  materials 
handling  system.  Erosion  of  hydraulic  pipelines  caused  by  abrasive  rock 
particles  remains  a  major  problem  with  these  systems. 

5 .  Ground  Support 

The  problem  of  overbreak  has  already  been  discussed  as  one  of  the 
impacts  of  the  fragmentation  technique  on  the  ground  support  element  of 
excavation.  Two  other  impacts  also  come  to  mind.  First,  some  excavation 
techniques  minimize  the  damage  done  to  the  remaining  rock,  causing  fewer 
fractures  that  extend  into  the  walls  of  the  tunnel,  thereby  preserving 
the  integrity  of  the  rock  and  reducing  the  ground  support  needed.  Boring 
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machine  excavation  clearly  falls  in  this  category  as  may  some  of  the 
novel  fragmentation  techniques.  Drill  and  blast,  however,  except  for 
specially  planned  and  monitored  smooth  wall  blasting,  does  not.  This 
may  be  of  some  greater  consequence  to  tunnels  designed  for  military 
applications  where  the  response  of  the  tunnel  to  dynamic  loading  caused 
by  nuclear  burst  shock  effects  (e.g.,  block  motions)  may  be  more  a  con¬ 
sideration  than  for  conventionally  utilized  tunnels. 

A  second  interaction  to  consider  between  the  excavator  and  ground 
support  may  occur  during  the  tunnel  excavation.  An  incompatible  mating 
of  rock  fragmentation  and  ground  support  may  lead,  in  the  extreme,  to  a 
condition  where  neither  may  proceed  while  the  other  is  in  operation. 

For  example,  most  ground  support  techniques  used  today  were  developed 
before  the  continuous  excavator  was  developed  and  as  a  result  are  more 
suited  to  cyclic  installation  than  continuous  installation.  When  steel 
rib  sets  are  used  in  conjunction  with  a  boring  machine  and  the  rock 
quality  is  poor,  requiring  sets  to  be  installed  very  near  to  the  face, 
it  is  frequently  necessary  to  halt  the  boring  operation  while  sets  are 
installed  because  of  the  interference  between  these  subsystems.  More 
continuous  ground-support  systems  may  be  desirable  in  the  future  to  match 
the  performance  of  boring  machines  and  other  continuous  excavation  tech¬ 
niques.  As  novel  techniques  prove  feasible  for  excavation,  consideration 
should  be  given  to  what  kind  of  ground  support  would  be  suitable  used  in 
conjunction  with  them. 

6 .  Environmental  Control 

Dust,  radiation,  noise,  water,  thermal  energy,  toxic  fumes,  spewing 
lock  fragments,  fire  hazard,  and  rotating  machinery  hazard  are  all  en¬ 
vironmental  control  considerations  related  to  the  fragmentation  device. 

The  hazard  of  fumes  r.  sociated  with  drill  and  blast  is  well  known 
and  planned  for.  The  machinery  hazards  associated  with  machanical  exca¬ 
vation  can  be  minimized  with  proper  design  and  safety  procedures.  The 
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kinetic  energy  of  rock  fragments  bursting  from  the  tunnel  face  on  impact 
of  a  high  velocity  water  jet  or  projectile  which  may  turn  these  fragments 
into  hazardous  misssiles  should  be  considered.  The  noise  of  any  high 
energy  mechanical  technique  may  require  quieting  countermeasures  to  be 
taken . 


The  thermal  problem  associated  with  high  energy  fragmentation  tech¬ 
niques  deserves  special  mention.  In  deep  tunnels  contemplated  for  mili¬ 
tary  application  the  ambient  rock  temperature  will  probably  exceed  100°F 
and  require  some  form  of  cooling  of  the  environment  during  the  excavation 
process.  Any  additional  load  put  on  this  cooling  plant  by  thermal  waste 
energy  transferred  into  the  tunnel  environment  as  a  by-product  of  the 
fragmentation  process  would  add  to  the  cost  of  cooling.  This  should  be 
taken  into  account  in  the  assessment  of  the  suitability  of  any  fragmentation 
technique  for  deep  tunnel  excavation. 

Waste  water  released  into  a  tunnel  by  a  water  jet  may  also  pose 
particular  problems.  Recycling  or  removal  would  of  course  be  necessary, 
but  the  problems  of  high  humidity  and  low  visibility  due  to  moisture  in 
the  air  would  also  have  to  be  accounted  for. 

Table  6  summarizes  the  interaction  of  rock  fragmentation  with  other 
aspects  of  excavation. 
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TABLE  6 


SUMMARY  OF  FACTORS  INTERACTING  WITH  ROCK 
FRAGMENTATION  ELEMENT 


Geometry 

Size,  shape,  length,  depth,  grade,  alignment,  overbreak,  tunnel 
surface  desired 

Geology 

Strength,  abrasiveness,  quality,  structure,  water  inflow,  rock 
temperature,  mineral  characteristics 

Materials  Handling 

Volume  rate,  heading  advance,  rock  fragment  size  distribution,  wear 
Ground  Support 

Rock  integrity,  installation  interference,  o’T'  break 
Environmental  Control 

Dust,  radiation,  noise,  water,  thermal  energy,  fumes,  flying  rock 
fragments,  fire  hazard,  rotating  machinery  hazard 


B.  DRILL  AND  BLAST 

1.  Introduction 

The  drill-and-blast  process  of  rock  fragmentation  is  the  standard 
and  most  adaptable  process  for  hard  rock  or  mixed  hard  and  broken  rock. 
Blast  holes  are  commonly  drilled  with  a  battery  of  hydraulically  posi¬ 
tioned  drifter  drills  or  manually  operated  air-leg  drills  mounted  on  a 
multileveled  jumbo.  The  jumbo  is  a  mobile  steel  structure  which 
supports  the  drills  and  serves  as  a  working  platform  for  setting  the 
charge,  installing  roof  supports,  and  in  some  cases  providing  secondary 
ventilation  at  the  face.  Common  drill  patterns  include  the  wedge,  pyra¬ 
mid,  and  burn-cut.  The  rock  is  blasted  with  explosives  and  the  blast 
fumes  are  cle* red  from  the  face  area  before  the  operations  proceed. 
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The  computer  simulation  of  drill-and-blast  fragmentation,  while  not 
intended  to  account  for  the  great  variety  of  blasting  techniques  currently 
utilized  in  the  field,  does  provide  a  reasonable  portrayal  of  the  major 
events  occurring  in  full-face  blasting  using  a  standard  burn-cut  pattern 
and  is  flexible  enough  to  interact  with  different  geological  conditions 
and  tunnel  areas.  It  has  been  assumed  throughout  the  modeling  process 
that  any  tunnel  modeled  could  be  considered  essentially  equivalent  to  a 
round  tunnel  of  some  given  diameter  in  order  to  allow  comparison  between 
drill-and-blast  effectiveness  and  boring  machine  or  novel  process  effective¬ 
ness. 


Table  7,  which  has  been  kindly  supplied  by  R .  A  Dick  of  the  Bureau 
of  Mines,  Twin  Cities  Research  Center,  provides  a  guide  to  the  represen¬ 
tative  performance  for  drill-and-blast  excavation.  Optimum  blast  rounds 
vary  from  one  project  to  the  next.  One  reason  is  that  rock  properties 
and  structure  vary  considerably  fro.-n  one  tunnel  to  another  and  a  pattern 
that  achieves  excellent  results  at  one  operation  may  be  a  failure  at 
another.  Another  factor  is  the  difficulty  in  drilling  boreholes  pre¬ 
cisely.  Even  if  the  best  pattern  for  a  given  heading  were  known,  good 
blasting  practice  would  dictate  overdesigning  the  road  to  allow  for  drill¬ 
ing  precise  blastholes  at  a  high  rate  of  speed. 

Generally,  because  ANFO  is  extremely  cheap,  adaptable  to  mechanized 
loading,  gives  ideal  coupling,  and  seems  to  do  as  good  a  job  in  breaking 
rock  as  higher  cost  products,  it  is  the  preferred  explosive  unless  condi¬ 
tions  are  wet. 

It  is  generally  felt  that  burn  cuts  with  large-diameter  relief  holes 
offer  the  best  opportunity  for  improving  blasting  efficiency  underground. 
Even  here,  the  primary  restriction  to  the  depth  of  advance  is  the  accuracy 
of  the  boreholes. 
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SELECTED  DRILL-AND-BLAST  PROJECTS 
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The  activities  that  are  modeled  by  the  simulation,  along  with  their 
subroutine  names,  are  given  in  Table  8.  The  portrayal  of  these  activi¬ 
ties  by  mathematical  representations  will  be  considered  in  sequence  in 
the  following  paragraphs. 

Table  9  provides  a  list  of  the  parameters  and  input  specifications 
which  drive  the  simulation. 


TABLE  8 

DRILL- AND-BLAST  ACTIVITIES 

•  Subroutine  MOVEIN 

Moves  drill  jumbo  to  face 

•  Subroutine  HOLBRN 

Drills  holes  for  burn-cut  pattern 

•  Subroutine  SETCHG 

Sets  charge 

•  Subroutine  MOVOUT 

Moves  drill  jumbo  away  from  face 

•  Subroutine  DREPAR 

Maintenance  and  repair 


2.  Subroutine  MOVEIN 

This  subroutine  accounts  for  the  time  delay  in  repositioning  the 

drill  jumbo  at  the  tunnel  face  at  the  start  of  a  new  cycle.  The  user 

may  specify  the  anticipated  time  required  for  this  repositioning  and 

alignment  check.  If  no  time  value  is  specified,  the  program  assumes  a 

91  99 

15-min  delay  time,  which  agrees  with  common  practice.  ’ 


59 


TABLE  9 

DRILL-AND-BLAST  PERFORMANCE  PARAMETERS  AND  INPUT  SPECIFICATIONS 


EQUIPMENT  INFORMATION 

(1)  Drill  Jumbo 

* 

(a)  Time  to  move  to  face  (hr)  _ 

(b)  Time  to  move  away  from  face  (hr) 

(2)  Drifter  Drill 

* 

(a)  Number  of  drills  _ _ 

(b)  Area  of  holes  (in^) _ 

(c)  Power  output  (hp) _ 

(3)  Burn-Cut  Drill 

* 

(a)  Number  of  drills  _ 

2 

(b)  Area  of  holes  (in  ) _ 

(c)  Power  output  (hp) _ 

PATTERN  INFORMATION 

* 

(1)  Number  of  drifter  holes  _ 

* 

(2)  Number  of  burn-cut  holes  _ _ 

* 

(3)  Depth  of  holes  per  round  (ft)  _ 

(4)  Number  of  holes  charged  simultaneously 

EXPLOSIVES  INFORMATION 

3 

(1)  Powder  factor  (lb/yd  )_ _ 

(2)  Amount  of  primer  (lb/hole) _ 

(3)  Time  to  set  one  charge  (hr) _ 

(4)  In  lieu  of  items  1-3  (select  one) 

(a)  Dynamite  option 

(b)  ANFO  option 


Default  values  are  programmed  into  the  simulation  for  these  parameters. 
The  user  may  override  these  internal  values  by  specifying  an  alterna¬ 
tive  value  on  the  appropriate  data  card. 
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TABLE  9  (cont.) 

DRILL-AND-BLAST  PERFORMANCE  PARAMETERS  AND  INPUT  SPECIFICATIONS 


COST  INFORMATION 

It  Plant  &  Equipment 


Item 

(Vnerahi 
Coat  Per 

p  (Rental) 

|  Hr  |  Ft 
[(check  one) 

Unueual  De 
Coat  Per  i 

velopment 
|  Hr  |  Ft 

Major  Items: 

Drill  Jumbo 

Burn  Cut  Drill 

Drifter  Drill 

Drill  Positioner 

Jib 

Additional  Items: 

1 

2.  Job  Materiele 


Item 

1 _ Clist _ 

Mf* 

Mm** 

tlnlf 

V*1 

Hn  1 1 

Major  Items: 

Drifter  Bit* 

Burn  Bit* 

Steel* 

Primer* 

Exploalvee* 

Firing  Cep* 

Miacellaneoue* 

$ 

s 

$ 

5/lb  ■ 

5/lb 

5/cap 

5/hole 

— 

ft 

ft 

ft 

Additional  Itema: 

3.  Direct  Labor 


Labor  Type 

Number 

Required/Shift 

Rate 

$/hr 

Major  Typea: 

Shifter 

Miner 

Nipper 

Chucktender 

Powdermen 

Malntenence 

-  Foreman 

-  Mechanic 

-  Electricien 

Additional  Types: 

4. 


Permanent  Materials 


Coat 


Item 

Value 

Unit 

(None  required) 
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3. 


Subroutine  HOLBRN 


This  subroutine  models  the  drilling  of  the  holes  into  which  the 
explosives  are  placed,  and  the  drilling  of  the  relief  holes  which  are 
utilized  in  a  burn-cut  pattern. 

Although  there  is  a  wide  range  of  drill  types  and  methods  of 
mounting  drills,  most  drilling  in  hard  rock  tunneling  is  done  with  a  per¬ 
cussion  drill  having  either  rifle-bar  rotation  or  some  separate  positive 
method  of  drill  rotation. 

Sinkers  and  jackhammers,  designed  to  be  hand  held,  vary  from  a 
light  (30- lb)  drill  to  a  heavy  (70-lb)  drill.  Feed  legs  and  jacklegs, 
which  are  sinker  drills  mounted  on  an  air-feed  leg,  are  used  generally 
for  both  lateral  and  overhead  drilling.  Drifters  are  self-rotating  drills 
which  are  screw  or  chain  fed.  Burn-hole  drills  are  drifters  used  to  drill 
the  large  holes  on  a  burn-cut  pattern  of  shooting. 

Drifter  drills  are  suspended  from  jibs  mounted  on  drill  jumbos 
which  serve  as  working  platforms  and  house  all  facilities  required  for 
drilling  a  round:  pumps,  air  and  water  connections,  lights,  and  ventila¬ 
tion.  The  jumbo  may  also  be  used  for  loading  the  holes,  placing  supports, 

23 

and  in  some  cases  handling  muck  cars. 

If  the  parameter  E  is  defined  as  the  gross  drill  energy  expended 
per  rock  volume  removed  (which  includes  an  energy  transfer  coefficient, 
generally  0.6  to  0.7,  for  the  loss  in  energy  that  occurs  between  the 
drill  and  the  drill  bit),  then  drilling  rate  in  feet  per  hour,  R^,  can  be 
expressed  as 


*D 


=  1.98  x  10  P 
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where 


P  =  power  output  of  the  drill  (hp) 

2 

*  =  hole  cross-section  area  (in  ) 
h 

E  =  drill  energy  expended  per  rock  volume  removed 
[(in. -lb/in3)  x  103] 

Some  representative  data  for  energy  per  volume  relationship  of 
percussive  drills  in  hard  rock  is  shown  graphically  in  Fig.  19.  Also 
shown  in  this  figure  is  the  relationship  incorporated  in  the  computer 
subroutine  which  is  derived  from  a  least  squares  fit  of  the  data  for 
rock  strengths  below  50,000  psi.  For  rock  strength  above  50,000  psi  the 
observed  data  are  inconclusive  but  suggest  an  energy  per  volume  range  of 
approximately  50  to  75  [ (in. -lb/in3)  x  103 ] . 

The  relationships  included  in  the  computer  model  are: 


15  e 


0.031a 


3  3 

where  E  =  energy  per  rock  volume  removed,  [(in. -lb/in  )  x  10  ] 

3 

a  =  rock  compressive  strength,  10  psi  between  5000  and 
50,000  psi 


and 

E  =  60  [ (in.-lb/in3)  x  103] 
for  a  >  50,000  psi. 

The  power  output  of  a  drill  may  be  calculated  to  be  the  number  of 

piston  blows  per  minute  times  the  energy  in  each  blow.  The  following 

26 

formulas  have  been  shown  by  Hustrulid  to  have  general  applicability  to 
percussive  drills  in  hard  rock: 
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ENERGY  FE11  V'H.'^F  Hr  HOCK  REUSED  'In. -lb/in 


NOTE: 


3 

ROCK  COMPRESSIVE  STRENGTH  (psi  x  10  ) 


Figure  19. 


Percussive 


Trill  Performance 


24,25 


To  convert  in. -lb/in3  *  103  to  J/cm3,  multiply  by  6.9.  This 
energy  parameter  is  commonly  found  in  published  literature  in 
units  of  J/cm^. 
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V 


s 


E 

P 


.IV 

2  g  S 


2 

where  A  =  area  of  piston  head  (in  ) 

Ep  =  piston  energy  (ft-lb/blow) 

f  =  blow  frequency  (blows /min) 

2 

g  =  acceleration  of  gravity  (fps  ) 

P  =  power  output  (ft-lb/min) 
p  =  applied  air  pressure  (psi) 

S  =  piston  stroke  (in.) 

Vg  =  piston  striking  velocity  (fps) 

w  =  weight  of  piston  assembly  (lb) 

It  is  intended  that  a  required  input  to  the  computer  subroutine 
which  calculates  drill  performance  will  be  the  power  output  of  the  drill. 
This  can  be  estimated  by  the  user  of  the  model  from  the  above  formulas 
and  Information  provided  by  drill  manufacturers. 


A  simple  mathematical  representation  which  approximates  the  number 
of  shotholes  per  round  which  need  to  be  drilled  is: 

N,  =  (D  +  0. 1  D2)\p 
h 
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where 


=  number  of  drifter  holes  required 


D  =  tunnel  diameter  (ft) 

ip  =  factor  to  account  for  rock  quality,  strength,  tunnel 

geometry,  diameter  of  shotholes,  and  diameter  of  burnholes 

At  the  present  time  in  the  model,  \p  is  set  equal  to  unity,  and  this 

gives  an  adequate  representation  for  average  rock  conditions  (Fig.  20). 

In  massive,  intact  hard  rock  a  more  representative  value  of  ip  rosy  be 

1.1  to  1.5.  For  large  tunnels  a  substantial  reduction  in  the  number  of 

holes  required  can  be  realized  if  the  shothole  diameter  is  increased. 

For  minor  areas  the  same  saving  is  not  evident  and  rarely  justifies  the 
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employment  of  bigger  drills. 

The  number  of  drifter  drills  employed  is  assumed,  if  not  otherwise 

specified,  to  be  one-eighth  the  number  of  holes  drilled  each  round  so 

23 

that  each  drill  drills  eight  holes.  The  user  may  specify  an  alterna¬ 
tive  number  of  drills  if  he  chooses. 

The  time  to  drill  the  shotholes  is  calculated  as 


where  AtQ  =  drill  time  (hr) 

=  depth  of  the  holes  (estimated  to  be  1  ft  greater  than  the 
advance  per  round) 

N,  =  number  of  shotholes 
n 

Np  =  number  of  drills 

=  rate  of  drill  penetration  (ft/hr) 
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To  estimate  the  length  of  the  rounds,  it  is  first  necessary  to 
determine  the  spacing  of  the  supports  required  from  the  geological  in¬ 
formation  available.  This  is  discussed  in  Sec.  V  concerning  ground 
support.  In  a  supported  tunnel,  the  round  length  is  limited  to  the  dis¬ 
tance  between  the  supports  (or  the  allowable  unsupported  tunnel  length 
if  some  form  of  continuous  support  is  installed) .  In  an  unsupported 
tunnel,  the  length  of  a  round  is  determined  by  the  type  of  cut  used  and 
the  diameter  of  the  tunnel.  The  burn-cut  pattern  modeled  by  the  simula¬ 
tion  could  theoretically  be  of  any  length  round.  In  practice,  production 
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has  seldom  increased  if  rounds  over  10  ft  long  have  been  used.  The 
model  therefore  is  based  on  the  assumption  that  the  length  of  a  round 
will  be  either  that  allowable  by  ground  support  constraints  or  10  ft, 
whichever  is  appropriate.  If  a  V  or  diamond  cut  were  to  be  modeled,  the 
round  length  would  be  limited  to  not  more  than  two-thirds  of  the  diameter 
of  the  tunnel.  If  longer  rounds  were  to  be  attempted,  a  large  amount  of 
drilled  but  unbroken  rock  would  be  left  at  the  end  of  the  tunnel. 

The  time  to  drill  the  burn-cut  holes  is  similarly  calculated  as 


where 


At 


Db 


Db 


hb 


^b 


=  drill  time 


\b\ 

Ndb/ 


(hr) 


=  depth  of  holes  (estimated  to  be  one  foot  greater  than  the 
advance  per  round) 

=  number  of  burn  holes 

=  2  for  tunnel  diameter  <_  15  ft 

=  3  for  tunnel  diameter  >  15  ft 

=  number  of  burn-cut  drills 


=  rate  of  drill  penetration  (ft/hr) 
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In  both  instances  the  user  supplies  as  input  to  the  program  the 
cross-sectional  area  of  holes  to  be  drilled  and  the  estimated  power  out¬ 
put  of  the  dril.l. 

The  job  material  costs  associated  with  this  hole  drilling  activity 
are  drill  bits  and  steel  costs.  If  the  program  user  supplies  the 
necessary  information,  the  following  formula  is  used  to  calculate  these 
job  material  costs  for  the  drifter  drills. 


Job  material  cost  ($) /round 


%V 


where  CD  =  drifter  bit  cost  ($) 

D 

Lg  =  average  bit  life  (ft) 
rig  =  number  of  drifter  drills 
JlD  =  average  depth  of  holes  (ft) 

Cg  =  cost  of  steel  for  one  drill  ($) 

Lg  =  life  of  steel  (ft) 

Drill  bits  will  typically  have  a  life  of  200  linear  feet  in 
granite.  A  standard  bit  costs  approximately  $20.  These  values  are 
programmed  as  optional  internal  values  if  the  user  does  not  specify  al¬ 
ternative  ones. 

Drill-bit  life  is  longer  in  less  abrasive  rock,  and  this  would 
reduce  bit  and  steel  costs  proportionally.  The  expected  life  in  other 
rock  has  not  been  identified  in  this  study.  The  relationship  for  granite, 
however,  may  be  used  as  a  conservative  formula  for  drill  bit  costs. 
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A**  S 


Compared  to  mechanical  excavation  by  tunnel  boring  machine,  dr-' 11 
and  blast  is  a  more  labor-intensive  process.  A  representative  set  of 
labor  crews  for  different  diameter  tunnels  is  provided  as  an  example  in 
Table  10a.  The  crew  size  for  any  given  project,  however,  will  vary  con¬ 
siderably  depending  on  labor  availability,  customary  contractor  practice, 
labor  regulations,  and  other  factors.  As  can  be  seen,  the  number  of  men 
to  be  used  for  drilling  will  increase  with  the  rock  face  area.  These 
data  are  subject  to  interpretation  since  electricians  and  mechanics  will 
have  duties  other  than  maintaining  the  drills.  For  example,  they  may  also 
be  concerned  with  the  maintenance  of  the  equipment  for  materials  handling. 

The  amount  of  plant  and  equipment  used  will  also  vary  with  the 
tunnel  diameter  (Table  10b).  The  variable  quantities  are  the  number  of 
drifter  drills,  jibs,  and  positioners.  The  number  increases  with  tunnel 
diameter  in  such  a  way  that  the  time  for  drilling  in  cycle  time  will 
remain  approximately  the  same  with  varying  diameter  for  a  given  compres¬ 
sive  strength  of  rock. 

4 .  Subroutine  SETCHG 

This  subroutine  calculates  the  powder  requirement  for  blasting, 
and  accounts  for  the  associated  time  and  cost  of  the  activity  of  setting 
the  charge.  The  user  has  the  option  of  specifying  either  ANFO  or  dynamite 
as  the  type  of  explosive  and  letting  the  program  compute  the  powder 
factor. 


Powder  factor  is  a  common  measure  of  powder  requirements;  it  is  the 
number  of  pounds  of  powder  that  is  required  per  cubic  yard  of  rock 
broken. 
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TABLE  10 

REPRESENTATIVE  DRILL-AND-BLAST  COSTS 
(a)  Manpower  per  Shift 


Skill 

12' 

Tunnel  Diameter 
15' 

25' 

Washington,  D.  C. , 
Area  Hourly  Costs* 

Foreman 

1 

1 

1 

$8.32 

Miners 

3 

4 

10 

7.20 

Mechanic 

1 

1 

2 

8.10 

Electrician 

1 

1 

1 

8.92 

* 

Includes  25% 

fringe  benefits,  FICA,  etc. 

(b) 

Plant  and  Equipment 

Plant  and  Equipment 

Number  Required  for 

Cost/Unit 

Used 

Tunnel  Diameter 

$ 

12' 

15' 

25' 

Jumbo 

1 

1 

l 

1 

30,000 

Burn-Cut  Drill 

1 

l 

1 

11,500 

Drifter  Drill 

3 

4 

10 

5,800 

Jib 

3 

4 

10 

5,200 

Drill  Positioner 

3 

4 

10 

2,800 
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In  the  case  of  a  user-specified  powder  factor,  the  weight  of  powder 
per  round  is 


P.F. 


EX  27  t 


A  AX 


where  W_v  =  powder  per  round  (lb) 

LX 

3 

P.F.  =  powder  factor  (lb/yd  ) 

2 

A^_  =  tunnel  cross-sectional  area  (ft  ) 
AX  =  estimated  advance  per  round  (ft) 


If  the  powder  factor  hap  not  been  specified,  it  is  approximated 


by 


,  „  (jl)  AhPe 

,F<  \144 /  At  1 


where  P.F.  =  powder  factor  (lb/yd  ) 

2 

A,  =  area  of  shothole  (in  ) 
h 

2 

At  =  tunnel  cross-sectional  area  (ft  ) 

n,  =  number  of  sho tholes 
h 

3 

p  =  weight  density  of  the  explosive  (lb/ft' ) 
e 

=  50  lb/ft3  for  ANFO 
=  70  lb/ft3  for  dynamite  (Gelex  #2) 


The  above  equation  assumes  that  each  shothole  is  fully  charged  with 
explosive. 
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The  time  required  to  charge  the  holes  and  set  the  charge  is  assumed 


to  be 


where 


as 


where 


At  =  T  — 
s  n 

At  =  time  to  charge  and  set  charge  per  round  (hr) 
s 

T  =  time  to  charge  and  set  one  hole  (hr) 

=  4/60  if  not  otherwise  specified 
n^  ■-=  number  of  sho tholes 

n  =  number  of  holes  charged  simultaneously,  either  manually 
or  automatically 

=  n, /8  if  not  otherwise  specified 
n 

The  job  material  costs  expended  by  this  activity  may  be  calculated 


Job  material  cost  ($)  =  n,  (W  C  +  C  )  +  C  AX  +  W  (C  ) 

n  p  p  cap  m  EX  EX 

n^  =  number  of  shotholes  per  round 

Wp  =  amount  of  primer  (lb/hole) 

=0.5  lb/hole  ANFO 
=  0  dynamite 

0^  =  cost  of  primer  ($ / lb) 

=0.2  ANFO 

=  0  dynamite 

C  =  cost  per  cap  ($/cap) 
cap 

=  0.3  ANFO  or  dynamite 

Cm  =  miscellaneous  cost  per  hole  for  stemming,  wire,  etc.  ($) 

=  $1  per  foot  of  advance 
AX  =  estimated  advance  per  round 
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W_v  =  powder  per  round  (lb) 

LA 

C_v  =  powder  cost  ($ / lb ) 

La 

=0.66  ANFO 

=0.3  dynamite  (Gelex  #2) 


5.  Subroutine  MOVOUT 

This  utility  subroutine  accounts  for  the  time  delay  in  moving  the 
drill  jumbo  back  from  the  face  following  the  hole  drilling  and  setting 
of  the  charges,  plus  the  blasting  of  the  round.  The  user  may  specify 
the  anticipated  time  required  for  this  activity.  This  should  include 
the  estimated  smoke  time  r.o  remove  blast  fumes  from  the  tunnel  following 
blasting. 

6.  Subroutine  DREPAR 

Subroutine  DREPAR  accounts  for  drill-and-blast  maintenance  and 
repair  periods.  In  terms  of  performance  parameters  it  accounts  for  either 
the  drill-and-blast  system  availability  or  the  down  time  per  maintenance 
period  and  the  average  time  between  maintenance  periods.  The  effect  of 
breakdowns  may  also  be  accounted  for  by  the  operational  availability 
factor  assigned  to  the  drill-and-blast  system.  During  drill-and-blast 
maintenance  and  repair,  none  of  the  other  activities  (MOVEIN,  HOLBRN, 
SETCHG ,  or  MOVOUT)  proceed. 

Costs  associated  with  subroutine  DREPAR  include  maintenance  costs 
for  minor  servicing  and  repairs,  prorated  per  maintenance  period  and 
labor  cost  for  the  drill-and-blast  crew  as  provided  for  in  Table  9.  Bit 
and  steel  cost  have  previously  been  calculated  in  subroutine  HOLBRN  and 
are  not  included  as  maintenance  costs  in  DREPAR. 
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c. 


BORING  MACHINE 


1.  Introduction 

An  increasing  percentage  of  rock  tunnels  are  being  bored  by  a 
tunnel  boring  machine  every  year.  Although  conventional  blasting  con¬ 
tinues  to  be  the  most  economical  method  for  excavating  large  tunnels  in 
hard  abrasive  rock,  important  strides  are  being  made  in  most  of  the 
critical  areas  of  tunnel  borer  design  and  these  improved  designs  are 
making  tunnel  boring  by  machine  competitive  with  conventionally  excavated 
tunnels  under  many  circumstances .  A  summary  history  of  boring  machine 
characteristics  and  performance  was  compiled  during  the  early  part  of 

this  study  and  was  included  as  Appendix  II  of  the  earlier  semiannual 
„  6 

report. 

In  the  past,  the  factors  which  have  had  the  most  pronounced  ad¬ 
verse  effect  on  the  overall  average  advance  rate  were: 

•  Unexpected  large  variation  in  tunneling  conditions  (e.g., 
major  fault  zones,  squeezing  plastic  clay,  large  water 
inf low) 

•  Short  life  of  bits,  cutters  and  bearings  in  very  hard  rock 

•  Lack  of  compatibility  between  the  boring  machine  and  con¬ 
ventional  ground  control  and  materials  handling  systems 
(a  need  for  an  integrated  system) 

•  Major  equipment  breakdowns  resulting  from  manufacturing 
problems  or  operating  techniques 

Significant  advancement  of  the  art  has  come  about,  mostly  as  a 
result  of  attempts  to  design  each  machine  to  match  the  set  of  geologic 
conditions  expected  in  each  application.  As  a  result,  economical  use  of 
boring  machines  in  both  very  hard  rock  (30,000-45,000  psi)  and  difficult 
geology  may  be  foreseen  in  the  next  decade. 
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A  representative  example  of  a  boring  machine  project  in  hard  rock 
is  the  19,970-f t  -long,  12 -f t-diameter  River  Mountains  tunnel  on  the 
Southern  Nevada  Water  Project  (1968-1970).  Rhyolite,  rhyodacite,  and 
volcanic  lava  flows  were  the  principal  rock  types  encountered.  The 
maximum  unconfined  compressive  strength  was  approximately  16,000  psi. 

A  Jarva  Mark  11-12  tunnel  boring  machine  advanced  by  a  2-ft  stroke 
at  a  rate  which  varied  from  0.5  to  6  in. /min.  Repositioning  time  was 
1  min.  On  a  7  1/2  hr,  3-shift  per  day,  5-day  work  week  basis,  the 
average  advance  attained  was  36  ft  per  shift.  Maintenance  on  the  machine 
was  25%  of  the  available  excavation  time,  much  of  which  was  used  changing 
cutters.  Each  cutter  required  30  min  to  replace.  The  drive-motor 
pinion  and  ting  gears,  the  hydraulic  system,  and  the  conveyor  drive 
motor  required  most  of  the  repair  work. 

Undoubtedly  one  of  the  most  significant  tunnel  boring  machine 
projects  in  progress  at  this  time  is  the  30-mi  undersea  high-speed  rail¬ 
way  tunnel  between  Honshu  and  Hokkaido  under  the  Tsugaru  Strait  in 
northern  Japan.  Three  versions  of  a  Swiss-made  boring  machine,  designed 
by  Habegger ,  Ltd.,  and  now  produced  by  Atlas  Copco,  Inc.,  are  being 
used;  the  first  two  models  are  11.9  ft  in  diameter  for  the  pilot  bore 
and  the  third  is  13.2  ft  in  diameter  for  boring  a  parallel  service 
tunnel. 

In  this  project,  rock  quality  and  strength  variations  are  extreme, 
ranging  from  dry  volcanic  ash  of  about  4400  psi  compressive  strength  on 
the  Hokkaido  side  to  andesite  with  numerous  water-laden  faults  and 
average  strength  of  40,000  psi  on  the  Honshu  side. 

Under  ideal  geological  conditions,  the  second  11.9-ft  machine  can 
bore  13  ft/hr,  but  the  adverse  conditions  under  the  strait  have  cut  the 
advance  rate  to  5  ft/hr  with  the  best  one-month  advance  under  300  ft. 
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Those  activities  associated  with  tunnel  boring  machine  operation, 
including  subroutine  names  used  in  the  model,  are  summarized  in  Table  11. 


TABLE  11 

BORING  MACHINE  ACTIVITIES 

Subroutine  ASSMBL 

Boring  machine  assembly  and  setup 

Subroutine  BORE 

Rock  fragmentation  by  boring  machine  head  rotation 

Subroutine  CUTTER 

Cutter  wear  and  cutter  changing 

Subroutine  DISASM 

Boring  machine  disassembly 

Subroutine  REPAIR 

Boring  machine  maintenance  and  repair 


These  subroutines  will  be  discussed  in  sequence  in  the  following 
paragraphs.  Also  discussed  will  be  the  mathematical  representations  of 
boring  machine  performance  as  related  to  the  input  specifications 
appearing  in  Table  12. 

2.  Subroutine  ASSMBL 

This  subroutine  accounts  for  the  time  necessary  to  assemble  and 
check  out  the  boring  machine  at  the  tunnel  heading  prior  to  excavation. 
At  the  present  time  160  hr  is  allocated  to  this  task  during  which  no 
further  advance  of  the  tunnel  may  be  achieved.  The  user  may  select  a 
value  different  from  160  hr  if  he  desires. 
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TABLE  12 

BORING  MACHINE  PERFORMANCE  PARAMETERS  AND  INPUT  SPECIFICATIONS 


Boring  Machine  Information 

* 

1.  Rated  rotational  power  (hp)  _ 

2.  Energy  required  per  rock  volume  broken 

(in.-lb/in^  x  1CH)* _ 

* 

3.  Rotational  speed  of  boring  head  (rpm) _ 

* 

4.  Time  to  assemble  boring  machine  (hr)  _ _ 

* 

5.  Time  to  change  bore  diameter  (hr)  _ 

* 

6.  Time  to  disassemble  machine  (hr)  _ 

7.  Maintenance  parameters  (separate  from 

cutter  change)_ _ 

8.  (a)  availability  of  machine  (%) _ 

(b)  in  lieu  of  (a)  average  ^down  time  per 

maintenance  period  (hr) _ 

(c)  average  time  between  maintenance 

periods  (hr)* _ 

Cutter  Iiuormation  (rolling  cutters) 

* 

1.  Total  number  of  cutters  _ 

■k 

2.  Radial  location  of  cutters 


Cutter  No. 

R  (in.) 

3.  Estimated  cutter  life  as  a  function  of  rock 

abrasivenessj^ _ 

Abrasiveness  Index  Travel  (ft) 

(Least  abrasive)  1 

(Moderately  abrasive)  2 

(Most  abrasive)  3 

* 

4.  Time  required  to  replace  one  cutter  (hr) _ 

5.  Minimum  observed  fractional  wear  of  cutter 

to  cause  replacement  during  any  one  cutter 
change  period  * _ 
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TABLE  12  (cont.) 

BORING  MACHINE  PERFORMANCE  PARAMETERS  AND  INPUT  SPECIFICATIONS 


1.  Plant  and  Equipment 


Item 

Ownership  (Rental) 

Unusual  Developments! 

Cost  Per 

Hr 

1  Ft 

Cost  Per 

1  Hr  I 

Ft 

1  (check  one) _ 

! _ f check  nntl 

MAJOR  ITEMS: 

- 

Boring  machine  unit 

| 

ADDITIONAL  ITEMS: 

l 

W7m, 

2.  Job  Materials 


ITEM 

|  COST 

LIFETIME 

VALUE 

UNIT 

VALUE 

UNIT 

MAJOR  ITEMS: 

Power:  Electric* 

Cutter.* 

Cutter  Be.ringa  (prorated)'* 
Minor  Servicing  &  Repair. 

(per  maintenance) 

ADDITIONAL  ITEMS: 

$/lcvhr 

S/cutter 

S/cutter  chR. 

S 

$/£t 

3.  Direct  Labor 


Labor  Type 

Number 

Rate 

Required/Shif  t 

$/hr 

MAJOR  TYPES : 

Machine  Operator 
Miners 

Electrician 

Mechanica 

ADDITIONAL  TYPES: 

4.  Permanent  Materials 

- — - - —  Coat 


Item 

Unit 

(none  required) 

|  Value 

R  •presented.'  values  are  programmed  Into  the  model.  A  user  may  substitute  his  own  values  if  he 
desires.  In  some  instances  certain  constraints  must  be  satisfied  to  use  the  internal  values. 

In  tha  case  of  boring  machine  horsepower,  the  tunnel  diameter  must  be  betvaen  6  and  20  ft.  In 
the  case  of  energy  required,  rock  strength  must  be  between  5,000  snd  30,000  pal. 


3. 


Subroutine  BORE 


The  subroutine  BORE  represents  the  breaking  of  rock  at  the  tunnel 
face  by  the  thrust  and  rotation  of  rolling  disc  cutters  mounted  on  a 
boring  machine  head. 

Present  state-of-the-art  performance  of  boring  machines,  for  the 

purpose  of  the  simulation,  is  derived  from  curves  fit  to  empirical  data. 

An  empirical  approach  was  selected  because  the  mechanism  of  rock  fracture 

by  rolling  cutter,  carbide  inserts,  and  drag  bits  is  not  sufficiently 

* 

understood  at  this  time  to  allow  physical  modeling. 

The  rate  of  advance  R  of  a  boring  machine  can  be  expressed  as 


where  P  =  power  output  of  the  machine 
A  =  tunnel  cross  section  area 
E  =  energy  per  unit  volume  of  rock  broken 

For  each  time  increment  At  of  the  simulation,  the  incremental 
advance  of  the  tunnel  face,  AX,  and  the  incremental  volume  of  rock 
broken  from  the  face,  AV  (unmodified  for  change  in  bulk  density) ,  may  be 
calculated  as 

AX  =  RAt 

AV  =  RAAt 


Work  in  progress  at  this  time  by  W.  A.  Hustrulid  and  others  to  investi¬ 
gate  this  mechanism  of  rock  fracture  may  lead  to  a  revised  code  in  the 
near  future. 


f 


RO 


No  accurate  information  of  the  actual  power  output  of  a  boring 
machine  under  varying  circumstances  has  been  found.  As  a  consequence 
rated  rotational  horsepower  of  the  individual  machines  has  been  inter¬ 
preted  as  power  output.  The  energy  per  volume  has  been  calculated  accor¬ 
ding  to  the  volume  of  rock  broken  off  for  this  amount  of  rated  horsepower 
available.  The  machines  generally  operate  at  some  undetermined  fraction 
of  rated  horsepower.  Yet  for  our  purposes,  this  simplification  which 
yields  a  consistent  set  of  data  which  allows  prediction  of  rates  of 
advance  from  machine  rated  horsepower  is  desirable.  It  might  be  noted 
that  the  added  horsepower  used  to  drive  the  hydraulic  system,  which  is 
separate  from  the  rotational  power,  is  not  included  in  rated  horsepower. 
It  is  generally  less  than  10%  of  the  rotational  power. 

There  is  a  fairly  consistent  trend  to  greater  machine  horsepower 
with  greater  tunnel  diameter.  Figure  21  shows  a  horsepower  curve  which 
is  an  approximate  fit  to  Robbins  Boring  Machine  data  and  represents 
Robbins  rolling  disc  cutter  type  machines.  Other  data  points  shown  in 
Fig.  21  are  included  to  show  the  scatter  of  different  types  of  machines — 
Habegger  uses  drag  bits  rather  than  rolling  cutters — and  manufacturer 
experience  (some  data  are  first  generation  machines).  This  horsepower 
trend  represents  no  more  than  historical  information  and  it  may  not 
necessarily  represent  the  correct  machine  horsepower  for  a  given  situa¬ 
tion;  it  nevertheless  reasonably  represents  stf.te-of-the-art  machine 
characteristics  and  as  such  has  been  included  Jn  the  simulation  as  a 
relationship  to  provide  the  power  value  which  is  used  if  the  user  does 
not  specify  one.  This  relationship  is  restricted  to  be  used  to  represent 
machine  horsepower  for  tunnel  diameters  between  6  and  20  ft.  There  are 
not  sufficient  data  to  insure  the  relationship  is  valid  for  very  small 
or  very  large  tunnels.  The  relationship  is 
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Figure  21.  Horsepower  versus  Tunnel  Diameter  Trend 
for  Tunnel  Boring  Machines 
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where 


hp  =  rated  rotational  horsepower 
d  =  tunnel  diameter,  ft 


Some  representative  data  for  the  energy  per  unit  volume  of  rock 

broken  by  boring  machines  is  plotted  in  Fig.  22.  The  data  of  Muirhead 
28 

and  Glossop  shown  in  this  figure  was  used  to  derive  the  relationship 
which  is  presently  incorporated  into  the  computer  subroutine  BORE  to 
represent  state-of-the-art  performance  of  boring  machines.  Subsequently, 
representative  data  for  numerous  separate  tunneling  projects  compiled  by 
the  authors  was  added  to  show  the  scatter  of  boring  machine  performance 
from  one  project  to  the  next.  Note  that  the  minimum  value  of  this 
energy  value  reflects  the  best  attainable  performance  from  a  boring 
machine.  Therefore,  the  derived  relationship 


E  =  1. 8e 


0.084a 


I  3  31 

where  E  =  energy  per  volume  rock  broken,  |( in. -lb /in  )  x  10  | 

3 

a  =  rock  compressive  strength,  10  psi 

which  represents  the  performance  of  a  boring  machine  for  rock  strengths 
between  5000  and  30,000  psi  fitted  to  the  Muirhead  and  Glossop  data, 
appears  to  be  an  adequate  "best  performance"  curve  for  tunneling  machines. 
Use  of  this  relationship  for  rock  strengths  beyond  these  limits  should  be 
done  with  reservation  because  of  the  lack  of  data.  The  subroutine  BORE 
is  terminated  and  an  error  message  results  if  the  user  has  not  specified 
an  energy  value  and  the  rock  strength  value  falls  outside  these  limits. 
Systematic  acquisition  of  data  from  several  boring  machine  projects  may 
identify  what  factors,  in  addition  to  compressive  strength,  control  the 
energy  required  to  break  the  rock.  Cutter  spacing,  thrust  and  rotation, 
rock  quality,  and  boring  head  rotational  speed  may  each  be  significant. 

It  has  not  yet  been  possible  to  ascertain  the  degree  of  significance  of 
these  other  factors. 


83 


Figure  22.  Representative  Boring  Machine  Performance 


For  reference.  Fig.  23  gives  approximate  ranges  of  compressive 
strengths  for  some  common  rock  types. 

A  review  of  the  usage  of  boring  machines  in  a  series  of  projects 

29 

for  the  Bureau  of  Reclamation,  along  with  discussions  with  manufacturers, 
reveal  that  typical  manpower  requirements  per  shift  associated  with  a 
boring  machine  are  as  given  in  Table  13.  It  should  be  emphasized  that 
the  numbers  given  as  labor  requirements  can  and  will  vary  according  to 
the  efficiency  of  the  contractor.  However,  Table  13  represents  realis¬ 
tic  average  manpower  figures  and  may  be  used  as  a  preliminary  guide  when 
providing  input  to  the  model  (Table  12) . 


TABLE  13 

BORING  MACHINE  (DIRECT  LABOR) 

MANPOWER  PER  SHIFT 

Washington,  D.C.,* 
Area  Hourly  Costs 

$8.32 

$7.20 

$8.92 

$8.10 

Includes  25%  fringe  benefits,  FICA,  etc. 


Tunnel  Diameter  S'-IA' 

Machine  Operator  1 

Miners  2 

Electrician  1 

Mechanic  1 


14t-20t 

1 

3 

1 

1 


20,-30' 

1 

4 

1 

1 


The  job  material  (or  consumable  item)  cost  associated  with  the 
activity  BORE  is  that  for  electrical  power  to  operate  the  machine. 
(Cutter  costs  are  treated  separately  in  the  next  section.) 

Power  cost  is  estimated  from  the  rated  norsepower  of  the  machine 
motors,  the  time  that  the  machine  is  in  operation  boring  the  rock  face, 
and  the  input  unit  of  electricity  cost  per  kilowatt-hour. 
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Figure  23.  Range  of  Compressive  Strength  for 
Some  Common  Rock  Types 


($)  Power  Cost  =  ($/kW-hr)  --^3^  At 


where  At  =  time  in  hours.  If  the  user  has  not  assumed  an  alternative 
unit  cost  for  electricity  is  assumed  to  be  $0,015  per  kW-hr . 

Plant  and  equipment  costs  for  the  boring  machine  can  be  estimated 
from  the  cost  of  boring  machine  plus  the  additional  cost  for  the  power 
transmission  system. 

Representative  cost  of  a  boring  machine  can  be  seen  from  the  plot 
in  Fig.  24  roughly  to  be  a  function  of  the  installed  horsepower, 

Machine  Cost  =  $1000  x  hp 

These  results,  which  are  derived  from  actual  costs,  give  a  guide  to  the 
capital  costs  involved.  The  lifetime  of  machines  will  vary  according  to 
the  conditions  of  use  and  the  maintenance  provided.  However,  a  formula 
which  may  be  used  to  approximate  machine  cost  per  linear  foot  of  tunnel 
driven,  if  the  machine  is  not  to  be  depreciated  to  zero  over  the  project, 
is 


_ Machine  Coe t  ($) _ 

(10,000  hr)  x  (Estimated  Penetration  Rate)  (ft/hr) 


-  $/ft 


If  the  machine  is  depreciated  over  the  total  length  of  the  tunnel 
this  would  be 


Machine  Cost  ($)  _  g,. 

Total  Tunnel  Length  (ft)  '' '  L  L 
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If  the  machine  is  to  be  depreciated  by  operational  hour, 


Machine  Cost  (( 


Operating  Lifetime  (hr) 


=  $/hr 


An  operating  lifetime  of  10,000  hr  is  representative.  The  time  is 
calculated  as  that  in  which  the  machine  is  in  actual  operation;  down 
time  is  not  included.  There  is  an  additional  cost  for  the  power  trans¬ 
mission  system: 


Cost  of  Transmission  System  =  $3.40  *  Length  (ft) 


4.  Subroutine  CUTTER 

A  major  limitation  of  boring  machine  performance  in  hard  rock  is 
due  to  the  frequent  changes  of  worn  cutters  required.  Subroutine  CUTTER 
accounts  for  this  cutter  wear  and  replacement.  An  example  of  a  boring 
machine  cutter  head  showing  cutter  spacing  is  illustrated  in  Fig.  25. 

The  machine  shown  is  a  Robbins  Co.  Model  No.  142-139  which  bores  a  14-ft- 
diameter  tunnel. 


Frequency  of  cutter  change  depends  on  the  rock  strengtii  and  abra¬ 
siveness,  the  number  and  spacing  of  the  cutters,  the  tunnel  diameter, 
the  boring  machine  head  rotational  speed,  the  thrust  per  cutter,  cutter 
hardness,  and  a  number  of  other  factors.  While  it  is  current  practice 
to  try  to  schedule  cutter  replacement  during  general  maintenance  and 
repair  of  the  machine  (usually  performed  on  a  weekend  or  night  shift)  , 
the  harder  and  more  abrasive  rocks  cause  sufficiently  rapid  cutter  wear 
to  require  cutter  replacement  several  times  a  shift  thereby  delaying 


progress . 


Many  manufacturers  estimate  cutter  costs  by  first  assuming  a  cutter 
layout  and  taking  the  sum  of  radii  of  all  cutters  to  find  an  average 
radius  and  corresponding  average  cutter  circumference  traveled  during  one 
revolution.  The  cutters  are  assumed  to  be  able  to  travel  a  given  number 
of  linear  feet  while  rolling  against  the  rock  face  before  wearing  out. 
Typical  figures  are  400,000  linear  feet  for  a  sandstone  and  700,000  to 
1,000,000  linear  feet  for  shales.  ^  The  figure  is  primarily  dependent 
on  the  relative  abrasiveness  of  the  rock.  In  estimating  the  abrasiveness, 
one  can  use  a  variety  of  tests  to  determine  the  mineral  content  and  grain 
size  to  produce  a  weighted  Mohs'  hardness  for  the  rock  (Fig.  26). 

Figure  27  shows  the  estimated  cutter  costs  in  dollars  per  cubic 

yard  of  material  removed  as  a  function  of  the  rock  hardness.  The  curves 

for  the  three  different  types  of  rocks  cover  the  range  of  expected 

31 

abrasiveness  as  reported  by  J.  P.  Carstens  et  al.  and  weighted  to  re 
fleet  current  capabilities.  fhe  design  of  cutters  is  a  constantly  and 
rapidly  evolving  technology,  and  with  this  evolution  the  cutter  costs 
are  going  down  with  experience.  Caution  must  be  applied  to  the  use  of 
these  curves  since  the  experience  on  which  they  are  based  was  severely 
limited  above  25,000  psi  hardness.  There  may  exist  some  limiting  maximum 
rock  hardness  through  which  present-day  cutter  materials  will  not  pene¬ 
trate.  Further  research  is  necessary  to  identify  what  this  limiting 
value  might  be. 

Polynomial  expressions  that  approximate  the  curves  of  Fig.  27  are 

3 

(a  =  compressive  strength  *  10  psi) ; 

Limestone  (least  abrasive) 

2  3 

($/yd"^)  Cutter  Cost  =  .216  +  .844a  +  .997a  / 10 
for  10  <  a  <  45 
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MOHS' 


Figure  2G. 


Some 


Fluorite 


Feldspar 


FOR  RESISTANCE  TO  ABRASION 


Mohs'  Ratings  for 
Rock  Types 


Sandstone  (medium  abrasiveness) 


($/yd3)  Cutter  Cost  =  .7  +  .257a/102  +  .442a2/102  +  .815ct3/104 
for  15  <  a  <  33 
Igneous  Rock  (most  abrasive) 

($/yd3)  Cutter  Cost  =  .883  +  .257a/102  +  .442ct2/102  +  .815a3/104 
for  10  <  O  <  45 

For  the  purpose  of  modeling  cutter  wear  and  replacement  as  part  of 
a  system  simulation,  however,  this  averaging  method  was  judged  unsatis¬ 
factory  to  account  for  the  rapid  cutter  wear  and  more  frequent  replace¬ 
ment  of  the  outer  cutters  relative  to  the  inner  ones.  Particularly  it 
fails  to  provide  a  measure  of  improvement  which  could  be  made  possible 
hy  the  replacement  of  gauge  cutters  (at  the  periphery)  and  other  outer 
cutters  with  some  novel  device  which  could  kerf  and  break  rock  in  this 
region  without  concomitant  rapid  wear  and  frequent  need  for  replacement 

(say,  for  example,  an  electron  beam  gun).  It  has  been  stated  that  this 

* 

rapid  wear  of  the  gauge  cutters  is  a  major  factor  causing  the  overall 
low  rate  of  advance  of  a  boring  machine  through  very  hard  rock,  30,000  psi 

a  32 
and  up. 

The  approach  taken  in  the  model  to  cutter  wear  and  replacement  is 
therefore  to  consider  each  cutter  separately  rather  than  by  averaging.  As 
seen  in  Table  12,  the  required  input  to  the  simulation  specifies  each 
cutter  by  its  radial  position  on  the  cutter  head.  The  expected  lifetime 

It  is  commonly  believed  that  this  rapid  wear  is  due  to  the  more  severe 
tangential  stresses  applied  to  these  cutters  and  to  their  repeated 
travel  through  the  broken  rock  in  the  invert. 
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of  a  cutter  in  terms  of  linear  feet  of  travel  before  replacement  is 
necessary  is  specified  for  three  degrees  of  rock  abrasiveness:  least 
abrasive,  moderately  abrasive,  and  most  abrasive.  This  simplification 
of  rating  abrasiveness  on  a  three-level  scale  is  a  first  step  toward 
relating  cutter  wear  in  greater  detail  to  geologic  parameters  as  greater 
understanding  of  this  relationship  is  achieved.  For  the  present  model 
it  is  assumed  that  shale,  limestone,  and  marble  would  be  rated  as  least 
abrasive;  medium  sandstone  and  slate  moderately  abrasive;  and  the  harder 
sandstone,  granite,  schist,  gneiss,  and  quartzite  would  be  most  abrasive. 

The  fractional  wear  of  any  cutter  incurred  during  boring  time  At 
is  calculated  as 


WEAR  ,  = 
k 


27T(rpm)  (r^/12)  (At  x  60) 


lOir(rpm)  (rk)  (At) 


CL , 


where  WEAR. 

k 

rpm 


fractional  wear  of  cutter  k 
boring  head  rotational  speed  (rpm) 
radial  distance  of  cutter  k  (in.) 

t  ne  increment  (hr) 

cutter  fe  in  rock  of  abrasiveness  index  i  through  which 
the  cutter  is  traveling  (ft) 


When  any  cutter  on  the  boring  machine  is  completely  worn  (cumula¬ 
tive  wear  >  1),  the  boring  operation  is  delayed  and  the  cutter  is  changed. 
The  model  provides  that,  when  one  cutter  is  being  replaced  because  of 
100%  wear,  other  cutters  which  are  worn  beyond  some  wear  criteria  (e.g., 
75")  are  also  replaced.  This  feature  is  incorporated  into  the  model  to 
allow  the  user  the  opportunity  of  measuring  the  improvement,  if  any,  of 
boring  machine  rate  of  advance  by  changing  more  cutters  at  a  time. 


If  the  time  required  to  replace  a  cutter  is  not  specified  by  the 
user,  it  is  assumed  to  be  30  min. 

The  cost  of  a  rebuilt  disc  cutter  is  assumed  to  be  $80  if  not 
otherwise  specified.  To  these  cutter  costs,  which  are  accumulated  as  job 
material  expenses,  is  added  the  cost  of  cutter  bearing  and  housing  replace¬ 
ments.  This  is  an  event  that  on  the  average  must  be  performed  every  six 
changes  in  cutter  bit,  and  its  cost  has  been  prorated  over  each  cutter 
replacement  as  follows: 

Prorated  Bearing  and  Housing  Cost  =  $310/cutter  change 

An  example  showing  how  one  determines  the  average  cutter  life  from 
field  data  obtained  during  an  actual  boring  operation  is  shown  in  Fig.  28. 
The  tunneling  project  being  considered  in  this  case  is  the  Layout  Tunnel 
described  in  greater  detail  in  Sec.  VI.  In  this  figure  are  plotted  the 
number  of  changes  for  each  of  the  29  disc  and  center  tricone  cutters  that 
were  made  during  the  project,  in  which  5038  ft  of  tunnel  was  bored  during 
438.2  machine  operating  hours. 

Assuming,  as  above,  that  the  cutter  wear  is  proportional  to  the 
distance  traveled,  the  best  fit  to  the  data  produces  a  straight  line 
having  a  slope  of  0.24  and  intercepting  the  origin.  The  average  cutter 
life  may  be  calculated  as: 

_  2ir(rpm)  (Time  x  60) 

LIFE  =  12  (n/r) 


lQir(rpm)  (Time) 
(n/r) 


where  LIFE  =  average  cutter  life  (ft) 

rpm  =  boring  head  rotational  speed  (rpm) 

Time  =  total  boring  time  (hr) 

n/r  =  slope  of  straight  line  with  zero  intercept  which  best  fits 
field  data  (n  is  the  number  of  cutter  replacements,  r  is 
radial  distance  in  inches) 

In  this  example,  a  cutter  life  of  344,000  ft  was  calculated  for 
boring  a  geology  consisting  primarily  of  medium- to-hard  sandstone  inter¬ 
mixed  with  very  hard  conglomerate.  Boring  head  rotational  speed  is 
assumed  to  be  6  rpm,  the  designed  speed  produced  by  the  six  100-hp  drive 
motors . 

5.  Subroutine  DIAMTR 

Subroutine  DIAMTR  is  included  to  account  for  the  time  spent 
changing  the  boring  machine  to  a  marginally  larger  or  smaller  diameter 
by  adding  or  removing  peripheral  cutters.  Unless  otherwise  specified, 
the  time  required  to  perform  this  activity  is  24  hr. 

6 .  Subroutine  DISASM 

Subroutine  DISASM  accounts  for  the  time  spent  disassembling  the 
boring  machine  at  the  end  of  a  project  or  at  a  point  in  the  project  where 
use  of  a  boring  machine  is  no  longer  feasible  and  some  other  means  of 
fragmentation  must  be  used.  Appropriate  instructions  in  the  user-pro¬ 
vided  control  program  would  specify  when  this  subroutine  would  be  used. 
The  time  period,  if  not  otherwise  specified,  would  be  identical  to  that 
used  for  the  subroutine  ASSMBL:  160  hr. 

7 .  Subroutine  REPAIR 

Subroutine  REPAIR  accounts  for  boring  machine  maintenance  and 
repair  periods,  exclusive  of  cutter  changing  which  has  been  accounted 
for  separately.  In  terms  of  performance  parameters,  the  user  provides 
either  a  machine  availability  or  down  time  per  maintenance  and  the  time 
between  maintenance  periods. 
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The  information  on  characteristic  periods  of  time  for  maintenance 

g 

which  was  included  in  Appendix  II  of  the  semiannual  report  may  serve  as 
a  preliminary  guide  to  scheduling  these  activities  in  the  model.  Further 
information  on  a  specific  project,  the  Layout  tunnel,  is  provided  in 
Volume  II  of  this  report. 
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D.  WATER  JET 

1,  Mathematical  Discussion 

High-velocity  water  jets,  both  steady  and  pulsed,  are  of  interest 
for  rapid  excavation  in  hard  rock  because  such  jets  have  been  shown  capa¬ 
ble  of  fracturing  the  hardest  rock  by  high  impact  pressure  and  fluid 
shear  forces.  Rock  disintegration  by  jet  impact,  utilizing  the  dynamic 
and  static  mechanical  stresses  induced  in  the  rock,  appears  adaptable  to 
a  wide  variety  of  geologic  conditions,  rock  types,  and  environments,  and 
may  be  particularly  suitable  for  arbitrary  geometries  of  excavation  as  well. 
As  potential  rock  disintegration  devices  in  a  rapid  excavation  system, 
water  jets  offer  the  attractive  advantages  of  minimal  cutting  tool  wear 
and  flexible  response  to  a  wide  variety  of  conditions. 

The  performance  of  water  jets  is  determined  in  part  by  the  physi¬ 
cal  laws  governing  jet  impact,  which  are  described  in  terms  of  the  dynamic 
equations  of  water  jet  motion.  The  following  summary  of  the  fundamentals 
of  water  jet  dynamics  is  intended  to  provide  a  basis  for  understanding 
the  relationship  between  pressure,  nozzle  size,  jet  velocity,  impact 
cross-sectional  area,  and  power  required.  Several  recent  thorough 

reviews  of  water-jet  performance  are  available  and  can  provide  details 

33 , 34 

that  are  omitted  here  for  brevity.  ’ 

For  a  frictionless  nonconducting  fluid  in  motion  with  a  steady 
pressure  distribution,  the  quantity  h  defined  by 

h  =  +  e  +  +  ip 

2  P  r 
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has  the  same  value  at  all  points  along  the  path  of  an  element  of  the 
fluid.  In  terms  of  energy  per  unit  mass: 

h  =  total  energy 
1  ? 

— V  =  kinetic  energy 
e  =  internal  energy 

£  =  potential  energy  associated  with  the  pressure  field 

P 

\p  =  potential  energy  associated  with  the  external  body-force 
field 

If  fluid  flows  steadily  from  a  large  reservoir  through  a  small 
nozzle  to  form  a  high-velocity  jet,  the  process  is  one  of  converting  the 
potential  energy  associated  with  the  reservoir  pressure  field  into 
kinetic  energy  of  the  jet.  If  changes  in  internal  energy  and  body-force 
field  are  negligible,  and  further  if  (p/p)  reservoir  >>  (p/P)jet»  boti:i  of 
which  are  true  for  the  water  jets  of  interest,  then  the  following  relation¬ 
ship  provides  a  good  approximation  of  the  jet  velocity: 

v  -(^)1/2 

where  V  =  jet  velocity 

p  =  reservoir  pressure 
p  =  reservoir  density 

The  stagnation  pressure  at  impact,  that  maximum  of  pressure 
attained  by  isentropic  conversion  of  all  kinetic  energy  into  potential 
energy  associated  with  the  pressure  field,  is  the  reverse  of  the  jet 
formation  process: 


O 
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where 


p  =  stagnation  pressure 
p  =  stagnation  fluid  density 
V  =  jet  velo  ’.ity 


If  the  velocity  across  the  nozzle  cross  section  Is  regarded  uni¬ 
form,  the  mass  flow  rate  through  the  nozzle  is  given  by 

„  -  (*£)  PV 

where  w  =  mass  flow  rate 
d  =  nozzle  diameter 
p  =  fluid  density 
V  =  jet  velocity 

The  jet  power  (kinetic  energy  per  unit  time)  is  given  by: 

2  2  3 

V  TTd  pV 
P  -  "2 - 8 

The  jet  power  may  also  be  expressed  in  terms  of  reservoir  pressure, 
tt/2  d2p3/f2 

P  =  - - - 

4/p~ 

or,  for  water,  simply 

P  =  0.0174  d2p1,5 

where  P  =  horsepower 

d  =  nozzle  diameter  (in) 
p  =  nozzle  reservoir  pressure  (psi) 
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A  jet  striking  a  flat  surface  is  transformed  into  a  sheet  of  fluid 
which  flows  radially  outward  from  the  stagnation  point.  Physically  what 
occurs  in  the  region  of  impact  is  a  conversion  of  kinetic  energy  to  the 
potential  energy  associated  with  a  high  pressure  in  the  region  of  impact, 
pressure  which  serves  to  deflect  the  jet  streamlines  from  the  incoming 
direction  to  lines  parallel  to  the  impact  plane  spreading  out  radially. 
Momentum  is  conserved  and  the  stream  velocity  regains  its  original  value, 
the  jet  velocity,  as  it  departs  radially  from  the  impact  region.  The 
sheet  thickness,  t,  will  be  inversely  proportional  to  the  radial  distance 
from  the  stagnation  point  in  this  region  where  the  velocity  has  regained 
its  original  value: 


where  t  =  sheet  thickness 
d  =  nozzle  diameter 

r  =  radial  distance  from  stagnation  point 

From  momentum  considerations,  the  total  force,  F,  on  the  flat 
surface  is  given  by: 


F  =  pV 


2  TTd 


This  is  also  equal  to  the  integral  of  the  pressure  over  the  entire 
surface : 


F  = 


2tt 


00 

pr  dr 


No  complete  description  of  the  pressure  distribution  p(r)  has  been 

35 

given  for  any  three  dimensional  case.  Leach  and  Walker  assumed,  for 
an  approximate  solution, 


102 


where  R  Is  the  finite  radial  distance  at  which  the  pressure  is  regarded 
essentially  equal  to  ambient  pressure. 

It  can  be  shown  that  for  the  assumed  pressure  distribution  given 
by  the  above  equation, 


from  which  it  appears  that  the  pressure  effects  of  the  jet  on  the  sur¬ 
face  are  confined  to  within  a  radius  of  approximately  2.6  jet  radii. 

This  agrees  with  test  results  obtained  by  Leach  and  Walker  for  jets  of 
315  and  560  atmospheres,  at  standoff  distances  of  330  and  76  nozzle 
diameters  (Fig.  29). 

For  standoff  distances  less  than  about  500  nozzle  diameters,  the 
dispersion  of  the  jet  and  degradation  ol:  impact  pressure  is  apparently 
not  significant.  As  distance  is  increased  further,  however,  the  total 

force  of  impact  of  the  jet  on  the  surface  begins  dropping  rapidly.  The 

36  7 

results  of  Semerchan  et  al.  for  jets  of  50,  1000,  and  1500  kg/cir. 

indicate  at  least  a  50%  reduction  in  the  momentum  of  the  jet  at  a  stand¬ 
off  distance  of  1500  nozzle  diameters. 

The  total  power  required  to  operate  a  fluid  jetting  device  goes  up 
rapidly  with  increases  in  jet  velocity  or  nozzle  diameter.  To  produce 
a  jet  at  200,000  psi  continuously  through  a  0.4  in.  nozzle  requires 
approximately  250,000  hp. 
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Figure  29.  Pressure  Distribution  on  a  Surface  at  Right 
Angles  to  a  Jet. 35 
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To  avoid  this  high  power  requirement  of  a  large-nozzle,  high- 

37  38 

pressure,  continuously  jetting  system,  Singh  and  Huck,  *  Cooley  et 

Q  Q  Q  Q 

al .  ,  *  and  others  have  selected  the  mode  of  intermittent  jet  pulses 
* 

for  investigation. 

2.  Jet  Use  Effects 

Any  analysis  of  the  effects  of  periodic,  short-duration,  high- 

pressure  pulses  of  water  must  include  consideration  of  the  effects  of 

unsteady  hydrodynamics,  shock-wave  propagation,  and  compressibility  of 

the  fluid  and  solid  media.  Adequate  coverage  of  these  factors  is  avail- 
33 

able  elsewhere,  and  only  a  brief  summary  will  be  presented  here. 

Neglecting  any  cushioning  of  impact  due  to  containment  of  air 
between  the  impacting  liquid  jtt  and  the  solid  surface,  both  being 
regarded  as  flat,  the  force  of  impact  between  a  cylindrical  slug  of 
liquid  and  the  surface  at  any  instant  will  be  equal  to  the  change  in 
momentum  occurring  at  that  instant. 

Immediately  before  impact,  the  cylinder  of  fluid  has  a  linear 
2 

momentum  equal  to  pTTd  LV/4  (Fig.  30a),  where  L  equals  the  length  of  the 
fluid.  After  time  dt  has  elapsed  from  the  time  of  initial  impact,  a 
shock  wave  has  propagated  into  the  liquid  a  distance  of  c  dt,  c  being 
the  shock  propagation  speed.  Within  this  distance  of  the  impact  inter¬ 
face,  the  speed  of  the  liquid  is  essentially  zero  (Fig.  30b)  .  The  solid 
surface  is  regarded  as  completely  rigid. 

* 

One  recently  completed  prototype  design  for  a  pulsed  water  jet  for  rock 
tunneling  experiments  calls  for  a  jet  at  pressures  of  300,000  to  1,000,000 
psi,  frequency  of  one  pulse  every  5  min  (or  modified  to  fire  20  pulses/min) , 
and  energy  per  pulse  of  93,500  ft-lb.  The  jet  diameter  is  0.27  in. 

Prototype  fabrication  will  be  funded  by  the  U.S.  Department  of  Transpor¬ 
tation,  Office  of  High  Speed  Ground  Transportation. 
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(a)  Instant  of  Impact;  Momentum  -  £ 


Figure  30.  Impact  of  a  Fluid  Cylinder  on  a  Rigid  Surface 
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It  should  be  noted  that  the  speed  of  propagation  of  the  shock  into 
the  oncoming  jet,  c,  is  not  independent  of  the  impact  pressure,  but 
becomes  more  rapid  for  higher  pressures.  This  speed  has  been  measured 
experimentally  by  several  investigators  and  summarized  by  Cook,  Keyes, 
and  Ursenbach  (Figs.  31,  32).^ 


The  change  in  momentum  occurring  at  the  instant  of  first  impact 
thus  determines  the  impact  force,  F,  on  the  solid  surface: 

F  .£3^cV 
4 


or  expressed  as  pressure  over  the  impact  surface, 

p  =  pcV 

The  elastic  response  of  the  solid  surface,  the  irregular  shape 

of  the  impact  surfaces,  and  any  cushioning  effect  of  air  trapped  between 

the  fluid  slug  and  the  surface  will  reduce  observed  pressures  below  this 
41 

maximum.  Brunton  states,  for  example,  that  taking  the  elastic  defor¬ 
mation  of  the  solid  into  account  reduces  the  pressure  according  to  the 
following  relationship: 


P  “ 


P1C1P2C2V 
Plcl  +  P2C2 


where  p^,  p^  and  c^,  c^  are  the  respective  densities  and  shock  propaga¬ 
tion  speeds  in  the  liquid  and  solid. 

The  duration  of  this  peak  transient  shock  pressure  is  governed  by 
the  time  it  takes  for  the  release  of  high  pressure  in  fluid  downstream 
of  the  shock  wave  to  occur.  This  release  is  produced  by  an  outward  ex¬ 
pansion  of  the  walls  of  the  fluid  slug  in  this  high  pressure  region  by 
expansion  waves.  Such  an  expansion  propagates  into  the  fluid  at  a  speed 
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SHOCK  VELOCITY  (krn/sec) 


40 

Figure  31.  Experimental  Shock  Velocity  vs.  Pressure  Data  for  Water 


Figure  32.  Experimental  Shock  Velocity  vs.  Pressure 
Data  for  Water  (Low  Pressures) 40 
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of  sound  and  indicates  that  this  peak  pressure  should  last  only  on  the 
order  of  1  ysec  for  a  3-mm-diameter  jet  slug. 

Although  its  duration  is  short,  the  peak  impact  pressure  is  at 
least  4  times  as  great  as  the  subsequent  steady-flow  stagnation  pressure 
(Fig.  33)  and  may  produce  a  considerable  effect  on  the  rock  surface.  In 
fact,  it  appears  from  a  consideration  of  rock  fracture  modes  that  the 
high  peak  impact  pressure  which  produces  shattering  and  stress  wave  failure 
in  brittle  rock  may  be  a  more  efficient  means  of  rock  disintegration  than 
the  crushing  and  erosion  caused  by  steady  flow. 

One  further  consideration  should  be  mentioned.  Preliminary 
results  of  studies  comparing  effectiveness  of  different  sizes  of  nozzles 
are  inconclusive.  There  is  some  indication  that  larger  nozzles  are  more 
efficient,39,42  but  for  the  range  of  pressures  needed  to  fracture  hard 
rock,  the  data  are  not  sufficient  to  draw  any  conclusion. 

The  amount  of  energy  expended  for  any  rock  breaking  process  will 
depend  not  only  on  the  energy  supplied,  but  also  on  the  fraction  that  is 
absorbed  by  the  rock,  the  size  of  rock  fragments  formed,  and  the  mode  of 
failure  of  the  rock.  A  variety  of  water  jet  devices,  both  pulsed  and 
continuous,  have  been  tested  in  the  laboratory  and  have  given  a  wide 
range  of  energy  values . 

Figures  34,  35,  and  36  summarize  for  three  types  of  rock  the 

results  of  Oak  Ridge  National  Laboratory  studies  of  rock  fragmentation 

,  e  42 

by  a  continuous  jet  of  water. 

For  pulsed  jets,  the  scatter  of  results  obtained  for  different 

jet  devices  is  given  in  Fig.  37  for  some  of  the  harder  (greater  than 

10,000  psi)  rock  camples  tested  in  separate  laboratory  studies  over  the 

35 

past  six  years.  The  data  of  Leach  and  Walker  included  in  this  figure 
have  been  calculated  from  their  reported  depths  of  penetration,  assuming 
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Figure  33 


msient  Peak  and  Steady  Flow  Impact  Pressures 
:sus  Jet  Impact  Velocity  for  Water  (20°C) 
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Figure  35.  Continuous  Water  Jet  Performance  in  Indiana  Limestone 


40,000 


Figure  36.  Continuous  Water  Jet  Performance  in  Georgia  Granite 
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STAGNATION  PRESSURE 
COMPRESSIVE  STRENGTH 

DATA  OF  LEACH  AND  WALKER35 

x  -  21,000  psi  SANDSTONE 

*  -  20,000  psi  GRANITE 
^  -  16,000  psi  MARBLE 

DATA  OF  SINGH  AND  HUCK37 

A  -  57,000  psi  GABBRO 

•  -  32,000  psi  GRANITE 

■  -  10,500  psi  BROWNSTONE 

DATA  OF  CLIPP  AND  COOLEY39 
O  -  30,000  psi  GRANiit 
D  -  20,000  psi  LIMESTONE 

A  -  15,000  psi  SANDSTONE 


Figure  37.  Single  Pulse  Water  Jet  Test  Results 


penetration  cavities  to  be  cylindrical  holes  of  5  mm  diameter  as  stated 
in  their  paper.  Other  data  are  from  the  researcher's  own  volume  and 
energy  calculations. 

39 

Clipp  and  Cooley  report  a  steady  decrease  in  specific  energy  with 
higher  pressure  rates  (Fig.  38).  Also  shown  in  this  figure  is  an  effect 
observed  by  other  experimenters  as  well:  multiple  shots  at  the  same  target, 
particularly  when  directed  close  to  an  exposed  edge  or  other  free  surface, 
significantly  reduce  the  energy  requirement  to  fragment  the  rock. 

The  scatter  of  data  indicates  that  water  jet  performance  depends 
largely  on  device  design  and  efficiency.  Any  estimation  of  performance 
should  be  based  on  field  trials  of  a  particular  device.  Although  an 
equation  of  the  performance  of  water  jet  fragmentation  has  been  developed 
for  the  computer  simulations  based  on  the  available  data,  the  resulting 
fragmentation  rates  calculated  by  this  equal  on  provide  only  a  first 
order  estimate  and  include  considerable  uncertainty. 

The  volume  of  water  that  is  added  to  the  tunnel  by  the  jet  device 
may  be  calculated  by  the  previous  equations.  The  removal  of  this  water 
may  not  be  a  major  problem  with  the  very  high  pressure  jets  considered 
for  hard  rock  excavation  because  of  the  low  volumes  of  water  added.  Low 
pressure,  continuous  water  jets,  which  add  considerably  greater  volumes 
of  water,  may  require  some  additional  water  recycling  or  removal  equip¬ 
ment.  High  humidity  and  low  visibility  may  be  problems  with  both  types 
of  jets. 

No  value  for  the  high  noise  level  which  is  present  during  water 
jet  operation  has  been  found  in  the  literature  surveyed,  but  it  has  been 
discussed  by  researchers  and  observers  of  water  jet  operation  as  a  possi¬ 
ble  drawback  to  the  use  of  high-velocity  jet  devices  in  a  tunnel  environ¬ 
ment.  Similarly,  there  is  no  information  published  of  which  the  authors 
are  aware  that  identifies  the  partitioning  of  the  kinetic  energy  of  the 
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Figure  38.  Effect  of  Jet  Pressure  on  Energy  Required  to 
Break  Rock  39 


jet  when  it  impacts  on  the  rock.  It  is  unlikely  that  more  than  25%  of 
the  jet  energy  would  be  transferred  to  the  rock  undergoing  fragmentation. 
Analogous  considerations  of  solid  pellet  impact  have  shown  that  this 
transfer  of  energy  may  be  as  low  as  10  to  15%.  The  waste  energy  would 
enter  the  tunnel  environment  as  kinetic  energy  of  rock  fragments  which 
may  present  some  hazard  to  the  workers,  and  as  thermal  energy  which 
would  impose  an  added  load  on  the  environmental  control  system. 

3.  The  Model 

Water  jet  activities  which  have  been  modeled  for  the  excavation 
simulation  are  given  by  Table  14.  Table  15  provides  the  input  parameters 
and  specifications  which  drive  the  simulation  of  water  jet  performance. 


TABLE  14 

WATER  JET  ACTIVITIES 


Subroutine  JETIMP 

Fragmentation  of  rock  by  continuous  or  intermittent 
water  jetting,  as  specified 

Subroutine  JETAGN 

Repositioning  and  alignment  of  the  water  jet  device 

Subroutine  JETMNT 


Maintenance  and  repair  of  water  jet  device 


TABLE  15 

WATER  JET  PERFORMANCE  PARAMETERS  AND  INPUT  SPECIFICATIONS 
(A)  Equipment  Information 


Equipment  Information 


1. 

Number  of  jets 

2. 

Nozzle  diameter  (in.) 

3. 

Jet  pressure  (psi) 

4. 

Jet  device  efficiency 

5. 

Jet  impact  efficiency 

6. 

Energy  required  per  rock  volume 
broken  (in^lh/in.^  *  10^) 

7. 

Mode  of  operation  Continuous  (  ) 

Pulsed  (  ) 

8. 

If  pulsed  mode, 

(a)  Pulse  rate  (pulses /min!) _ 

(b)  Pulse  duration  (sec) _ 

(B)  Water  Jet  Cost  Information  and  Input  Specifications 


1 •  Plant  and  Hqu ipment 


I  tea. 

1  Cost 

1 _  Lifetime 

Value 

Unit 

Value 

Unit 

MAJOR  ITEMS! 

* 

Power:  Electric 

Minor  Servicing  f.  Repairs 
(per  maintenance) 

ADDITIONAL  ITEMS: 

$/kW*hr 

$ 

- 

- 

$/ft 

A  representative  value  la  programmed  Into  the  model.  A  user  may  substi¬ 
tute  his  own  value  If  he  desires. 


1  tern 

Value 

Unit 

(none  required) 
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4 .  Subroutine  JETIMP 

Subroutine  JETIMP  calculates  the  heading  advance  and  volume  of 
rock  broken  during  the  time  the  water  jet  device  is  in  operation.  It 
also  calculates  the  volume  of  water  added  to  the  tunnel  from  the  jetting 
system  and  the  heat  added  to  the  environment. 

The  rate  of  penetration,  R,  of  a  water  jet  device  can  be  expressed 
in  general  as 


where  P  =  jet  power 

A  =  tunnel  cross  section  area 
E  =  energy  per  volume  of  rock  broken 

Penetration  by  a  multiple  jet  device  is  assumed  to  be  approximated  by 
multiplying  by  the  number  of  jets.  Proper  spacing  of  jets  would  be 
likely  to  improve  performance  over  that  for  a  set  of  jets  each  having  an 
independent  effect  on  the  rock.  The  degree  of  possible  improvement  by 
multiple,  simultaneous,  properly  spaced  water  jets  has  not  yet  been 
investigated.  By  analogy  to  boring  machine  cutter  spacing,  one  concludes 
that  significant  improvement  may  be  possible. 

a.  Continuous  Jet 

The  following  equations  are  used  to  calculate  the  performance  of 
the  continuous  jet: 


P,  =  0.0174  D  2  p  1,5 
j  n  *n 
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where  =  jet  power  (hp) 

D  =  nozzle  diameter  (in.) 
n 

p  =  jet  nozzle  pressure  (psi) 

Total  jet  power  is  NP  where  N  is  the  number  of  jets  in  operation, 
supply  power  required  is 


The 


P 

s 


0.745 


n . 

j 


where  Pg  =  total  supply  power  (kW) 

n.  =  device  efficiency 
J 

=0.3  if  not  otherwise  specified 

Therefore  the  job  material  cost  incurred  during  time  interval  At(hr)  for 
this  power  is 

Cost  ($)  =  Pg  At  (Cp) 


where 


C 

P 


power  cost  ($/kW-hr) 

$0,015  if  not  otherwise  specified 


It  is  assumed  that  all  waste  energy  from  the  fragmentation  process 
adds  heat  to  the  tunnel  environment  which  must  be  removed  by  the  environ¬ 
mental  control  system.  The  amount  of  heat  added  during  time  interval 
At  (hr)  is: 


H  =  (1  -  n ,n  )  (P  )  (0.707)  (At)  (3600) 
1  i  s 

=  2545  (1  -  n.n.)  P  At 
]  i  s 
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where 


H  =  thermal  energy  added  (Btu) 

=  device  efficiency 

=  0.3  if  not  otherwise  specified 

* 

n^  =  impact  efficiency 

=  0.2  if  not  otherwise  specified 


The  volume  rate  of  water  which  is  added  to  the  tunnel  may  be 
calculated  by  multiplying  jet  velocity  times  its  cross  section.  The 
jet  velocity  in  feet  per  second  is 


2  *  7TT  x  14A  x  P 
62.4  n 


■  12-2fc 


3 

The  volume  of  water  (ft  )  added  during  time  At  (hr)  is 

n  .  m  3600Jit 

W  j  \  4  /  144 

=  6.25  ttNV.D2  At 
j  n 

The  assumed  relationship  for  the  jet  energy  required  per  unit  volume 
of  rock  broken,  which  approximates  the  results  shown  in  Figs.  34-36,  is 
shown  plotted  in  Fig.  39.  For  the  continuous  jet  the  equation  is 

.09a 

E  =  47  e  C 


Impact  efficiency  is  the  fraction  of  jet  energy  which  is  transmitted  into 
the  rock  for  fragmentation.  The  remaining  fraction  of  jet  energy  is  ex¬ 
pended  as  thermal  waste  or  fragment  energy  which  becomes  thermal  waste. 
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ENERGY  PER  ROCK  VOLUME  BROKEN  [(in. -lb/in 


°o  iooo 


INTERMITTENT  JET 


CONTINUOUS  JET 


ROCK  COMPRESSIVE  STRENGTH  (psi  x  I03) 


Figure  39.  Performance  Assumed  for  Modeling 
Pulsed  and  Continuous  Water  Jet 
Fragmentation 
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where 


3  3 

E  =  jet  energy  per  volume  of  rock  broken  [(in. -lb/in  )  x  10  ] 

3 

O =  rock  unconfined  compressive  strength  (psi  x  10  ) 

Use  of  this  equation  is  permissible  for  rock  compressive  strength  between 
5000  and  25,000  psi.  An  error  message  results  otherwise. 

The  advance  of  the  tunnel  heading  during  time  At  (hr)  may  thus  be 
calculated  as 


NP  At 

AX  =  13.75  . 

4)* 

where  AX  =  tunnel  advance  (ft) 

D  =  tunnel  diameter  (ft) 

During  this  time,  the  following  rock  volume  will  be  fragmented: 
Volume  =  AXir(D^/4) 


b.  Intermittent  Jet 

The  calculations  for  a  pulsed  jet  are  similar  to  those  for  the 
continuous  jet.  The  following  modifications  to  the  above  equations  are 
made  to  account  for  the  intermittent  nature  of  the  jet. 

The  average  power  of  the  jet  is 

Fj"  =  Pj  (PD)  (PPM/60) 
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) 


where  P.  =  average  power  of  the  intermittent  jet  (hp) 

PD  =  pulse  duration  (sec) 

PPM  =  jet  firing  rate  (pulses/min) 

P  =  jet  power  of  a  continuous  jet 


The  value  calculated  for  average  power  of  an  intermittent  jet  then 
replaces  the  power  value  in  the  continuous  jet  performance  equations  to 
calculate  power  cost,  heat  added,  and  tunnel  advance.  The  water  volume 
calculation  is  similarly  multiplied  by  the  factor 


to  account  for  the  intermittent  nature  of  the  jet 

The  assumed  relationship  for  the  jet  energy  required  per  unit 
volume  of  rock  broken  is  shown  in  Fig.  39.  The  relationship  is: 


.072a 


E  =  100  e 


valid  between  15,000  and  35,000  psl. 
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5. 


Subroutine  JETAGN 


Subroutine  JETAGN  accounts  for  the  time  delay  for  repositioning 
the  water  jet  system.  The  system  is  repositioned  whenever  the  advance 
of  the  tunnel  face  has  increased  the  distance  between  the  face  and  the 
water  jet  beyond  some  set  distance.  The  results  of  laboratory  tests 
indicate  this  standoff  distance  should  always  be  kept  less  than  500 
nozzle  diameters  to  minimize  the  dispersion  of  the  jet  and  reduction  of 
impact  pressure.  One  quarter  hour  repositioning  time  is  assumed  if  no 
value  is  input. 

6.  Subroutine  JETMNT 

Subroutine  JETMNT  accounts  for  water  jet  system  maintenance  and 
repair  periods.  In  terms  of  performance  parameters,  the  user  provides 
either  a  machine  availability  or  down  time  per  maintenance  and  the  time 
between  maintenance. 

The  characteristic  maintenance  requirements  for  a  water  jet  system 
are  not  known  at  this  time  and  should  be  treated  parametrically  in  a 
systematic  manner  to  identify  the  impact  of  various  maintenance  require¬ 
ments  on  the  performance  of  any  system  under  consideration. 

E.  PR0JECT1/ F  IMPACT 

1.  General  Discussion 

The  impact  of  solid  projectiles  at  velocities  of  4000  ft/sec  or 
greater  is  sufficient  to  generate  stresses  of  well  over  1  million  psi 
to  fracture  the  hardest  rock.  The  projectiles  may  be  launched  by  exist¬ 
ing  rapid-fire  gun  techniques  for  which  the  technology  is  well  developed 
and  the  size  and  cost  of  the  guns  are  within  reasonable  limits.  Existing 
rapid-fire  guns  are  capable  of  accelerating  projectiles  weighing  several 
pounds  to  velocities  over  7000  ft/sec  at  sustained  firing  rates  of 
several  rounds  per  minute. 
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Typical  stresses  produced  by  projectile  impact  can  be  calculated 
from  the  same  plane  shock  relation  which  was  discussed  in  the  previous 
section  for  high-pressure  pulses  of  water: 


p  c  p  c  V 

_  P  P  t  t  p 

p  c  +  pc 
p  p  t  t 


where 


p  =  impact  pressure 
pp  =  projectile  density 

c^  =  shock  propagation  velocity  in  projectile 
p  =  target  (rock)  density 

c  =  shock  propagation  velocity  in  target  (rock) 
=  projectile  velocity 


The  shock  propagation  velocity  will  depend  on  shock  pressure.  An 
initial  estimate  may  be  made  assuming  a  shock  velocity  equal  to  the  acous¬ 
tic  velocity  which  is  the  lower  bound  of  propagation  velocities  for  very 
weak  shocks. 

Inserting  typical  numbers, 

p  =  137  lb/ft3 
P 

c  =  11,980  ft/sec 
P 

p  =  165  lb/ft3 

c  =  19,685  ft/sec 

V  =  5000  ft /sec 
P 

and  the  impact  pressure  is  found  to  be: 
p  =  1.2  million  psi 
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If  the  projectile  length  is  equal  to  its  diameter,  and  if  the 
projectile  material  is  similar  to  that  of  the  rock,  the  transfer  of 
energy  into  the  rock  is  enhanced. 

A  comprehensive  treatment  of  various  theories  of  impact  craters 
formed  by  high-velocity  impact  may  be  found  in  Refs.  43,  45,  and  46  to 
which  the  reader  is  referred  for  further  information.  A  summary  of 
experimental  results  is  now  presented  to  provide  the  basis  for  modeling. 

43 

The  data  published  by  Moore  et  al.  is  shown  in  Fig.  40,  in  which 

the  weight  of  ejected  rock  is  plotted  as  a  function  of  projectile  energy. 

The  curve  which  best  fits  their  data  is  supported  by  recent  experiments 

44 

at  Physics  International,  which  show  that  the  ejected  mass  is  propor¬ 
tional  to  the  projectile  energy  raise!  to  the  power  1.189.  While  this 
is  a  small  variation  from  simple  geometric  scaling  (ejected  mass  propor¬ 
tional  to  projectile  energy),  it  has  important  ramifications  when  the 
mass  of  the  projectile  is  increased  from  a  few  grams  to  several  pounds. 
According  to  the  Griffith  theory  of  failure,  this  scaling  effect  is 
caused  by  the  increased  number  of  cracks  and  faults  in  the  rock  sample  as 
the  size  of  the  region  affected  by  the  impact  increases. 

The  equation  fitted  to  the  published  data  of  Moore  et  al.  provides 
the  basis  for  calculating  the  required  energy  per  volume  of  rock  broken, 
which  is  used  to  model  projectile  impact  performance.  For  basalt,  (which 
has  the  same  density  as  granite) : 


W 


E 


1.63  x  10 


1.189 


E 

P 
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LOG  EJECTED  WEIGHT  (lb) 


where 


Wg  =  ejected  rock  weight  (lb) 

Pp  =  projectile  density 

p  =  target  (rock)  density 

E  =  projectile  energy  (ft-lb) 

P 

This  relation  can  be  rewritten  in  terms  of  energy  per  volume  of  rock 
fragmented : 


E 


6.14  x  10 


4 


0.595 

E  -189 
P 


where 


3 

E  =  energy  required  per  rock  broken  (ft- lb/ft  ) 

3 

Pt  =  target  (rock)  weight  density  (lb/ft  ) 

Ep  =  projectile  energy  (ft-lb) 


For  comparison  with  water  jet  impact,  the  energy  required  per  volume  in 
units  of  [  (inr- lb/in8)  x  108]  is 


E  =  0.426 


3  3 

where  E  =  energy  required  per  rock  broken  [(in- lb/in  )  x  10  )  and  the 
other  variables  have  the  units  given  above. 

Tha  projectile  energy,  E  ,  can  be  calculated  from  its  velocity, 

V  ,  and  its  weight,  W  : 

P  P 
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) 

Inserting  the  typical  numbers  used  previously,  assuming  a  4  lb 
projectile, 

E  =  1.55  x  106  ft-lb 
P 

W_  =  334  lb 
E 

and  the  energy  per  rock  volume  broken  is: 

E  =  5.3  x  103  in. -lb/in3 

This  value  compares  favorably  with  boring  machine  performance  (Fig.  22), 
percussive  drilling  (Fig.  19),  and  drill  and  blast. 

Figure  41  presents  representative  energy  curves  calculated  by 
Physics  International  for  various  projectiles  and  projectile  velocities. 

Results  of  Physics  International's  initial  experiments  using  a  gun 

* 

with  a  bore  diameter  of  1  1/2  in.,  with  methane-oxygen  propellant,  are 

consistent  with  the  published  work  of  others.  The  energy  efficiency  of 

the  granite  impacts  was  about  13  x  10  in. -lb/in  .  It  should  be  noted 

that  3  1/2  times  the  projectile  energy  was  required  as  chemical  energy 

in  the  propellant,  or  an  efficiency  of  gun  operation  of  about  0.29. 

Further  waste  of  energy  occurred  upon  impact  when  perhaps  only  10  to  24% 

of  the  projectile  kinetic  energy  may  have  been  expended  for  fragmentation, 

45 

the  remainder  according  to  Gault  and  Heitowit  being  expended  a.s  waste 
heat  and  fragment  kinetic  energy  (Fig.  42).  Thus,  for  this  method  of 

ft 

Rapid-fire  gun  techniques  would  use  other  means  of  projectile  propul¬ 
sion. 

\  ) 
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ENERGY  PER  VOLUME  OF  ROD-  REMOYID  |  i  4 n_- U*/ 1  n J )  *  10 


PROJECTILE  VELOCITY  [(ft/sec)  *  103] 


Figure  41.  Projectile  Performance  (Sample 

Data  provided  by  Physics  International)4 
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ENERGY  PARTITIONING 


i 


MINIMUM 


§3  MAXIMUM 


PROJECTILE  WASTE  HEAT 


TARGET  WASTE  HEAT 

FRAGMENTATION 

FRAGMENT  KINETIC  ENERGY 

60  TO  80  90  100 

PERCENTAGE  OF  PROJECTILE  KINETIC  ENERGY 


1 


Figure  42.  Projectile  Energy  Partitioning.  45 
Aluminum  projectile  into  basalt 

o 
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pellet  firing  and  impact,  for  every  100  units  of  chemical  power  supplied 
as  propellent,  93  to  97  units  of  waste  heat  may  have  to  be  removed  by 
the  combination  of  gun  coolant  and  environmental  control. 

Table  16  lists  the  set  of  activities  which  have  been  modeled  to 
account  for  projectile  impact  fragmentation  in  the  system  simulation. 


TABLE  16 

PROJECTILE  IMPACT  ACTIVITIES 

Subroutine  PROJTL 

Rock  fragmentation  by  projectile  impact 

Subroutine  PRJBR 

Barrel  replacement  of  gun 

Subroutine  PRJAGN 

Projectile  gun  repositioning  and  alignment 
Subroutine  PRJMNT 

Projectile  system  repair  and  maintenance, 
exclusive  of  barrel  replacement 


Table  17  lists  input  specifications  and  parameters  which  are 
required  for  the  projectile  impact  subroutines.  Some  estimated  charac¬ 
teristics  of  a  projectile  system  provided  by  Physics  International  are 
listed  in  Table  18  as  a  guide  to  some  of  the  input  values. 

Some  of  the  advantages  of  a  projectile  system  are: 

1.  It  is  adaptable  to  different  tunnel  sizes  or  cross  sections. 

2.  It  can  effectively  break  hard  rock  at  potentially  high  rates. 
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TABLE  17 

PROJECTILE  PERFORMANCE  PARAMETERS  AND  INPUT  SPECIFICATIONS 


Equipment  Information 

1.  Number  of  guns _ 

2.  Weight  of  projectile  (lb) _ 

3.  Volume  of  projectile  (in^) _ 

4.  Velocity  of  projectile  (ft/sec) _ 

5.  Firing  rate,  each  gun  (projectiles/min) _ 

6.  Gun  efficiency _ 

7.  Impact  efficiency _ 

8.  Time  to  replace  one  gun  barrel  (hr) _ 

9.  Maintenance  parameters: 

(a)  Availability  of  projectile  system  (%) _ 

(b)  In  lieu  of  (a),  average  down  time  per 

maintenance  period  (hr) _ 

(c)  Average  time  between  maintenance  periods 

(hr) _ 
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TABLE  17  (cont.) 

PROJECTILE  PERFORMANCE  PARAMETERS  AND  INPUT  SPECIFICATIONS 


1 .  Plant  &  Equipment 


Item 

Ownership 
Cost  Per 

(Rental) 

Hr  |  Ft 
(chock  one) 

Unuaual  Dc' 
Cost  Per 

clopnental 
Hr  |  Ft 
(check  one) 

MAJOR  ITKMS: 

Projectile  Cannon 

ADDITIONAL  ITEMS: 

2 .  Job  Materials 


Item 

Cost 

Lifetime 

Value 

Unit 

Value 

Unit 

MAJOR  ITEMS: 

Propulsion 

$/ProJectile 

_ 

Projectile 

$/ProJcctile 

- 

- 

Gun  Barrel 

S/Barrel 

- 

- 

Minor  Servicing  & 
Repairs 

(per  maintenance) 

ADDITIONAL  ITEMS: 

$ 

S/ft 

3.  Direct  Labor 


4, 


Permanent  Mnterlala 


Item 

Value 

Unit 

(none  required) 
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TABLE  18 

REAM  SYSTEM  CHARACTERISTICS 


Dual  cannon  with  integrated  mucking  system _  $620,000 

Firing  rate _ _ _  up  to 

30  shots/min 


Projectile  weight _ _ 

* 

Crew  Size 

Diameter  10  ft 

1  gun  operator 
1  gun  loader 
1  electrician 
1  mechanic 
1  miner 

Projectile  Cost _ 

Barrel  Replacement  Cost _ 


_  4  lb 

Diameter  20  ft 

2  gun  operators 
2  gun  loaders 
1  electrician 

1  mechanic 

2  miners 

_  $. 50/projectile 

_ _  $ .13/projectile 


Estimates  of  crew  required  for  rock  fragmentation  alone  taken  from 
estimates  of  total  crew  size  provided  by  Physics  International. 


3.  It  can  draw  from  existing  technology  for  development  of 
rapid  fire  guns. 

4.  It  produces  less  disturbance  of  the  rock  than  conventional 
drill-and -blast  methods. 

5.  There  is  less  labor  required  than  for  conventional  drill  and 
blast. 

6.  The  distance  between  the  projectile  g;un  and  the  tunnel  face 
can  vary  up  to  150  ft  with  little  loss  of  efficiency. 

7.  Projectiles  can  be  removed  along  with  the  muck. 

The  disadvantages  are: 

1.  Flying  rock  and  projectiles 

2.  Noise,  heat,  and  dust 

3.  Toxic  fumes  from  propellant 

4.  Difficult  muck  removal  while  firing 

5.  Cost  of  projectiles 

6.  Logistics  of  projectile  and  propellant  supply 

7.  Unsuitable  in  soft  ground  and  possibly  also  in  mixed  ground 

8.  interference  with  ground  support  activities 

2.  Subroutine  PROJTL 

Subroutine  PROJTL  calculates  the  advance  of  the  tunnel,  volume  of 
rock  broken,  heat  added  to  the  tunnel  environment,  power  cost,  and  pro¬ 
jectile  cost  during  the  fragmentation  operation.  The  sequence  of  calcu¬ 
lations  is  similar  to  that  for  the  firing  of  an  intermittent  water  jet 
with  the  energy  relationship  of  the  projectile  substituted  for  that  of 
the  water  jet.  The  added  job  material  cost  for  the  expenditure  of  pro¬ 
jectiles  is 


Projectile  cost  =  Ng(PPM)C^  At(60) 
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where 


N  =  number  of  guns 
8 

PPM  =  firing  rate  (projectiles/min) 

At  =  time  interval  (hr) 

Cp  =  cost  per  projectile  /projectile) 

3.  Subroutine  PRJBR 

Subroutine  PRJBR  accounts  for  the  time  and  cost  of  barrel  replace¬ 
ment.  If  a  barrel  requires  replacement  after  firing  10,000  projectiles 
at  a  rate  of  30/min,  replacement  would  occur  every  5.5  operating  hours. 
The  user  estimates  barrel  lifetime,  barrel  replacement  time,  and  barrel 
cost . 


4.  Subroutine  PRJAGN 

Subroutine  PRJAGN  accounts  for  repositioning  of  the  projectile  gun 
system.  The  time  delay  for  repositioning  is  assumed  to  be  1/4  hr  unless 
otherwise  specified.  The  system  is  repositioned  whenever  the  advance  of 
the  tunnel  face  has  increased  the  distance  between  the  face  and  the  gun 
beyond  some  user  set  distance.  The  gun  can  operate  affectively  at  up  to 
150  ft  from  the  face  but  shorter  distances  would  be  desirable  to  minimize 
projectile  hazard  and  allow  ground  support  installation. 

5.  Subroutine  PRJMNT 

Subroutine  PRJMNT  accounts  for  projectile  system  maintenance  and 
repair  periods  exclusive  of  barrel  replacement.  In  terms  of  performance 
parameters,  the  user  provides  either  a  projectile  system  availability  or 
down  time  per  maintenance  and  the  time  between  maintenance. 

The  characteristic  maintenance  requirements  for  a  projectile  sys¬ 
tem  are  not  known  at  this  time  and  should  be  treated  parametrically  In  a 
systematic  manner  to  identify  the  impact  that  various  maintenance 
requirements  would  have. 
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IV. 


MATERIALS  HANDLING 


A.  INTRODUCTION  AND  GENERAL  DISCUSSION 

1 .  Present  Scope  of  Model 

As  an  element  of  the  excavation  process,  materials  handling  includes 
both  transport  of  broken  rock  or  soil  (muck)  away  from  the  tunnel  face 
as  well  as  men  and  construction  materials  to  and  from  the  face. 

The  general  processes  considered  for  modeling  under  materials 

k 

handling  are  given  in  Table  19.  They  have  been  grouped  by  function 
according  to  those  used  to  transport  muck  from  the  excavation  face  to 
the  main  line,  and  those  used  as  the  taain  line  (or  long-haul  system)  to 
transport  muck  along  the  tunnel  to  a  discharge  point  at  a  shaft  or  portal. 
The  processes  are  also  categorized  according  to  whether  material  is  trans¬ 
ported  continuously  or  intermittently  in  individual  unitized  modules. 

Continuous  general  processes  include  mechanical  conveyors,  hydrau¬ 
lic  pipe,  and  pneumatic  pipe.  All  these  are  similar  in  that  an  indepen¬ 
dent  medium  (i.e.,  a  belt  of  fluid)  normally  moving  through  a  closed 
loop  is  used  to  transport  the  muck  continuously  from  a  loading  point  at 
or  near  the  face  of  a  tunnel  to  a  discharge  point  at  a  main  line  or  a 
portal  or  shaft.  These  continuous  systems  are  generally  limited  to  muck 
transport  only;  therefore,  a  supplemental  intermittent  type  system  is 
generally  needed  for  transporting  construction  materials  and  personnel. 


k 

In  this  study,  consideration  was  focused  on  systems  best  suited  for 
horizontal  transport  along  a  tunnel.  Vertical  systems  for  shafts  are 
not  included  although  some  of  those  given  in  Table  19  can  be  used  for 
both. 
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TABLE  19 

MATERIALS  HANDLING  PROCESSES 


FACE  TO  MAIN-LINE  TRANSPORT 

1.  Continuous 

a.  Integrated-conveyor  loaders 

b.  Hydraulic  pipe 

2.  Intermittent 

a.  Loaders 

b.  Shovels 

c.  Shuttle  cars 

d.  Scoop-trams  (load-haul-dump  equipment) 

MAIN-LINE  TRANSPORT 


1. 

Continuous 

a . 

Mechanical  conveyors 

b. 

Hydraulic  pipe 

c. 

Pneumatic  pipe 

2. 

Intermittent 

a . 

Conventional  rail  system 

b. 

Truck  system 

c. 

Monorail,  side-rail  system 
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Intermittent  general  processes  for  face  to  main-line  transport 
include  loaders,  shovels,  shuttle  cars  and  scoop-trams.  For  long  haul 
transport  they  include  conventional  rail,  truck,  monorail,  and  side-rail 
systems.  The  distinguishing  characteristic  of  these  compared  to  contin¬ 
uous  flow  is  the  separation  of  materials  into  discrete  quantities  which 
are  carried  by  mobile  units,  either  individually  or  in  interconnected 
trains. 

In  view  of  and  consistent  with  the  time  constraints  of  this  study 
the  following  processes  were  selected  from  Table  19  for  modeling  at  this 
time. 

1.  For  face  to  main-line  transport 

a.  Integrated-conveyor  loader 

b.  Intermittent  loaders  and  shovels 

2.  For  main-line  transport 

a.  Continuous  mechanical  conveyors 

b.  Conventional  rail  systems 

c.  Truck  systems 

A  detailed  description  of  what  is  included  in  these  processes 
covering  also  the  activities  and  performance  and  cost  characteristics 
that  have  been  derived  for  them  is  given  in  Secs.  IV-B  through  IV-E. 

2 .  Processes  Not  Presently  Modeled 

The  face  to  main-line  systems  given  in  Table  19  but  not  presently 
modeled  include  shuttle  cars  and  scoop  trams.  By  their  very  nature, 
these  systems  would  probably  find  greatest  application  in  construction 
related  to  tributary  tunnels  that  branch  from  a  main  tunnel  (i.e.,  a 
situation  where  there  might  be  considerable  distance  separating  the 
tributary  face  and  the  main  line  system).  Future  versions  of  the  model 
to  account  for  these  possibilities  could  easily  adapt  the  presently 
existing  truck  model  (see  Sec.  IV-C)  to  shuttle  cars  and  scoop-trams 
without  major  changes. 
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Novel  main-line  rail  systems  such  as  the  monorail  and  side-rail 
(or  variations  thereof)  are  similar  in  that  each  consists  of  modules 
that  run  on  rails  or  guideways .  The  monorail  utilizes  a  single  steel 
beam  mounted  above  the  load-carrying  vehicle,  whereas  the  side-rail  system 
utilizes  two  rails  at  the  sides  of  the  load  carrying  vehicle.  The  module 
may  be  driven  as  a  unit  or  coupled  into  trains.  Both  systems  normally 
run  above  the  tunnel  floor,  limiting  their  capacity  and  increasing  their 
equipment  cost  because  of  structural  support  considerations.  Support 
also  makes  the  extension  of  these  systems  during  rapid  excavation  oper¬ 
ations  difficult  and  time  consuming.  At  this  time  both  concepts  are 
still  in  the  developing  stage  and  the  available  performance  and  cost 
information  is  therefore  based  on  somewhat  limited  experience.  None¬ 
theless  studies  in  the  past  have  shown  that  as  their  capacity  increases 

these  systems  seem  to  improve  in  cost-effectiveness  relative  to  other 

47 

systems.  Moreover,  in  small  tunnels  the  monorail  offers  the  possibility 
of  freeing  the  tunnel  floor  for  other  uses. 

The  authors  feel  that  these  systems  could  be  easily  included  in 
the  model  at  a  future  data  by  adapting  the  existing  conventional  rail 
haul  model  to  reflect  their  individual  performance  and  cost  characteris¬ 
tics. 


Hydraulic  pipe  systems  transport  muck  using  water  pumped  through 
pipelines  at  a  velocity  sufficient  to  propel  the  muck  (normally  crushed 
to  form  a  slurry  with  the  water)  along  the  pipe.  This  system  has  had 
limited  application  to  tunneling,  particularly  in  hard  rock,  but  it  has 
been  used  as  a  relatively  low-cost  method  for  moving  large  quantities 
of  bulk  materials  in  the  mining  and  dredging  industries  where  continuous 
operation  over  long  periods  is  possible. 


( 
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The  application  of  hydraulic  systems  to  tunneling  is  presently 

limited  by  inherent  difficulties  in  extending  the  system  without  complete 

shutdown,  and  by  rapid  wear  of  the  transport  pipe  when  the  transported 

rock  is  high  abrasive.  The  necessity  of  having  small  rock  particles 

(<0.125  in.)  to  form  a  slurry  normally  requires  secondary  crushing 

tj 

equipment  ahead  of  the  mixing  and  charging  units.  Therefore,  extending 
the  system  in  the  near-face  zone  would  tend  to  be  rather  complex.  Crush¬ 
ers  and  mixing  tanks  must  be  advanced  as  well  as  pipe  segments,  and  all 
this  tends  to  disrupt  flow.  Also,  the  use  of  large  quantities  of  high- 
pressure  water  in  a  tunnel  may  be  undesirable  because  of  the  hazard  of 
flooding . 

The  pneumatic  pipe  system  exhibits  even  greater  inherent  difficul¬ 
ties  related  to  hard  rock  tunneling.  In  this  system  the  transporting 
medium  is  air  drawn  or  blown  through  a  pipe  at  velocities  sufficient 
to  propel  the  material  along.  Although  system  extension  tends  to  be 
less  complex,  the  material  that  can  be  transported  is  presently  limited 
to  dry,  low-density,  small-size  materials  (<3  in.).  Also  capacities  and 

haul  distances  presently  tend  to  be  low,  whereas  capital  equipment  and 

47 

operating  costs  are  relatively  high  compared  to  other  systems. 

Inclusion  of  hydraulic  and  pneumatic  pipe  systems  in  the  model  at 
a  future  date  should  present  no  major  difficulties.  With  the  exception 
of  the  performance  and  cost  parameters  and  relationships,  the  basic 
logistical  framework  for  modeling  these  systems  would  be  very  similar  to 
the  existing  conveyor  model  for  continuous  transport — see  Sec.  IV-D. 

In  this  respect  the  transport  subroutines  would  require  substantial  changes 
in  performance  equations  (but  not  logistics)  and  also  an  additional  sub¬ 
routine  to  account  for  secondary  crushing  would  be  required.  The  main¬ 
tenance  and  system  extension  subroutines,  with  the  exception  of  the  use 
of  different  performance  parameters,  would  be  very  nearly  identical. 
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3 .  Materials  Handling  Model  -  Interactions  and  Limitations 

This  section  reviews  the  major  interactions,  summarized  in  Fig.  6, 
that  may  exist  between  the  materials  handling  system  and  other  elements 
of  the  excavation  process  including  tunnel  geometry  and  geology.  It 
also  discusses  the  extent  to  which  these  interactions  have  been  included 
in  the  model  at  this  time. 

Tunnel  Geometry:  Tunnel  geometry  includes  cross  section,  length, 
alignment,  and  grade.  All  affect  the  required  design  of  the  materials 
handling  system  to  sustain  a  desired  materials  handling  rate.  For 
example,  tunnel  cross  section  establishes  the  amounts  of  materials  (muck 
and  construction)  that  must  be  handled  for  a  given  face  advance  rate; 
length  impacts  on  system  capacity  in  terms  of  cycle  times;  alignment  and 
grade  affect  system  capacity  in  that  curves  and  slopes  cause  trains  to 
slow  down,  conveyor  equipment  to  wear  out  at  transfer  points,  etc.  In 
addition,  not  only  does  tunnel  cross  section  impact  on  materials  handling 
rate,  but  it  also  interacts  by  excluding  or  limiting  the  performance  of 
certain  systems  due  to  minimum  operating  space  requirements  (e.g.,  truck 
systems  are  normally  excluded  from  tunnels  less  than  14  ft  in  diameter).23 

Presently,  only  tunnel  cross  section  and  length  and  the  impact  they 
have  on  muck  tonnage  rates  are  modeled.  Operating  area  requirements  and 
the  affects  of  variable  grades  and  alignment  are  not  (i.e.,  a  nominally 
horizontal,  straight  segment  of  tunnel  is  presumed). 

Geology:  Geology  affects  materials  handling  directly  through  in 
situ  rock  properties  such  as  density  and  abrasiveness.  Geology  (parti¬ 
cularly  such  characteristics  as  rock  quality,  degree  of  fracture  or 
general  structure),  together  with  the  rock  fragmentation  process,  also 
impacts  on  materials  handling  through  the  size  distribution,  angularity, 
and  swell  of  broken  rock.  Geology  (i.e.,  rock  quality,  density),  together 
with  ground  support,  also  impacts  in  establishing  the  amounts  and  type 
of  support  required  at  the  face.  At  this  time  only  density  variations 
and  the  swell  factor  (taken  as  a  constant)  are  included  in  the  model. 


Rock  Fragmentation:  Materials  handling  may  limit  the  overall  utili¬ 
zation  of  the  rock  fragmentation  system.  This  may  happen  because  the 
materials  handling  capacity  is  inadequate  and  cannot  keep  up  with  frag¬ 
mentation.  (For  example,  in  a  conventional  rail  system  all  trains  may 
be  in  transit  and  none  available  for  loading  at  the  face.)  The  materials 
handling  system  may  also  require  frequent  periods  for  maintenance  and 
repair,  and  the  time  required  for  system  extension  may  not  be  compatible 
with  the  excavation  rate.  All  these  interactions  could  cause  the  excavation 
system  to  be  shut  down  at  various  intervals,  and  all  have  been  built  into 
the  model  at  this  time.  Reciprocally,  rock  fragmentation  impacts  on 
materials  handling  utilization  by  establishing  the  rates  at  which  material 
must  be  moved  to  and  from  the  face  to  sustain  the  face  advance,  and  also 
through  the  fragmentation  system's  characteristic  breakdown  and  mainten¬ 
ance  requirements.  As  discussed  before,  rock  fragmentation  also  interacts 
indirectly,  together  with  the  geology,  to  establish  muck  size  distributions, 
angularity,  swell  factors,  etc.,  which  can  affect  the  capacity  of  the 
materials  handling  system.  Only  the  interaction  of  excavation  system 
advance  rate,  availability  and  swell  factor  (modeled  as  a  constant)  on 
materials  handling  utilization  and  capacity  has  been  modeled  at  present. 

Ground  Support :  Materials  handling  interacts  with  ground  support 
installation  in  two  important  ways:  the  system  must  provide  an  adequate 
supply  of  support  materials  in  the  near-face  zone,  and  it  must  do  so 
without  interferring  with  the  ground  support  equipment  (i.e.,  geometric 
constraints  limit  the  amount  of  equipment  in  the  near-face  zone  at  any 
given  time).  Both  these  considerations  have  not  been  modeled  at  this 
time.  It  is  therefore  presumed  that  support  material  supplies  are  always 
adequate,  and  the  equipment  required  from  each  element  never  exclude 
each  other. 

Environmental  Control:  The  materials  handling  system  impacts  on 
the  environmental  control  system  in  that  it  might  expel  waste  heat, 
gases,  and  fumes  (.e.g,  diesel  exhaust)  and  dust.  It  also  impacts  through 
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the  ventilation  requirements  demanded  by  the  labor  force  required  for 
operation.  Dilution  requirements  for  diesel  exhaust  gases  and  ventilation 
for  labor  has  been  included  in  the  model.  Heat  and  dust  interactions 
have  not  been. 

As  in  the  case  of  ground  support,  the  environmental  control  system 
also  interacts  on  materials  handling  through  equipment  size  constraints 
in  the  near-face  zone,  as  well  as  material  supply  requirements  (pipes, 
etc.)  for  extension.  Neither  of  these  have  been  modeled  at  this  time. 

B.  CONVENTIONAL  RAIL  SYSTEM 

1.  Introduction 

Rail  systems,  used  for  long-haul  transport  in  tunnels,  consists  of 
trains  containing  individual  car  units  mounted  on  wheels  that  ride  on 
tracks  similar  to  a  commercial  railroad. 

These  systems  presently  use  locomotive,  cable,  or  side-wheel  drive 
for  propulsion.  Locomotive  drive  is  most  common,  but  is  limited  to  grades 
of  4%  maximum  because  depends  on  friction  between  steel  wheels  and 
stee'  tracks  for  traction. 

Locomotives  are  presently  manufactured  with  a  variety  of  power 
sources  that  include:  diesel,  diesel-electric,  electric,  and  battery. 

For  tunnel  mucking  operations,  diesel  power  is  the  most  commonly  used. 
Electric  systems  find  greatest  application  as  adjuncts  to  continuous 
muck  systems  for  transporting  construction  materials  and  personnel. 
Diesel-electric  and  battery-powered  systems  are  not  widely  used,  diesel 
electric  because  they  are  generally  produced  only  in  large  sizes,  and 
battery  because  they  are  relatively  slow  and  have  low  draw-bar  capability. 
In  this  study  only  diesel  and  electric-powered  locomotives  were  considered 
for  modeling. 


146 


Cable-drive  and  side-wheel  drive  systems  have  evolved  in  recent 
years  in  response  to  the  grade  limitations  of  the  locomotive  systems. 

The  cable  drive  system,  similar  to  that  in  San  Francisco,  is  normally 
used  only  for  inclined  tunnel  segments  and  requires  a  conventional  loco¬ 
motive  for  horizontal  haulage.  The  side-wheel  drive  systems  propel 
trains  of  cars  using  electrically  powered,  rotating  rubber-tire  drive 
units  mounted  along  side  the  track  and  bearing  on  the  car  sides.  This 
technique  is  relatively  new  but  appears  to  offer  considerable  potential 
because  of  its  ability  to  climb  steep  grades  and  maintain  high-capacity 
rates.  At  present  neither  the  cable  drive  or  side-wheel  drive  systems 
have  been  modeled  directly.  The  emphasis  here  was  on  systems  used  pri¬ 
marily  for  horizontal  transport.  The  authors  feel,  though,  that  future 
versions  of  the  model  could  easily  adapt  the  locomotive  model  discussed 
subsequently  for  these  systems  if  it  proves  desirable. 

The  conventional  rail  system  as  modeled,  then,  consists  of  diesel 
or  electric-powered  locomotives  pulling  trains  on  tracks  similar  to  a 
commercial  railroad.  A  large  amount  of  information  is  available  on  these 
systems  and  therefore  no  problems  were  encountered  in  modeling  it. 

Conventional  rail  systems,  though,  do  have  some  inherent  limitations 
particularly  related  to  their  use  in  rapid  hard-rock  tunneling  at  depth. 
These  include  slow  and  inaccurate  track-laying  methods,  and  roadbed  and 
alignment  problems  that  can  result  in  comparatively  slow  haulage  speeds 
(20  mph  maximum  even  under  good  conditions)  and  time  delays  for  track 
laying.  Also  they  are  manually  controlled,  which  leads  to  potential 
scheduling  problems,  particularly  for  small  tunnels  that  may  require 
single  tracks  and  intermittent  switches  and  several  trains  operating 
concurrently  in  different  directions  to  sustain  high  face-advance  rates. 
Also  rapid  loading  operations  at  the  face  for  these  systems  requires  a 
relatively  large  percentage  of  tunnel  cross  section  for  equipment  (see 
loading  equipment  for  the  Layout  Tunnel,  Volume  II)  that  contributes 
to  congestion  and  can  affect  the  utilization  of  other  elements  of  the 

6 

system. 
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As  mentioned  earlier,  locomotive-drive  systems  are  also  limited 
to  grades  of  4%  or  less,  which  means  that  other  modes  of  transport  are 
required  for  inclined  tunnel  segments  and  shafts.  In  the  case  of  deep 
tunnels,  transfer  equipment  and  discharging  operations  at  the  shaft  may 
lead  to  considerable  congestion  and  time  delays. 

The  activities  associated  with  the  conventional  rail  system,  in¬ 
cluding  subroutine  names  used  in  the  model,  are  summarized  in  Table  20. 
Also,  the  input  specification  sheet  including  performance  and  cost  infor¬ 
mation  related  to  the  trains  and  tracks  are  given  in  TabJe  21.  Subse¬ 
quent  sections  discuss  these  activities  and  inputs  in  depth. 


TABLE  20 

SUMMARY  OF  CONVENTIONAL  RAIL  SYSTEM  ACTIVITIES 

Subroutine  RAILHL 

Updates  train  dynamics  accounting  for  accelerations, 
decelerations  and  switching  logistics 

Subroutine  RAILEX 

System  extension  -  track  laying,  train  and  switch 
addition 

Subroutine  ADDTRN 

Train  insertion  from  the  discharge  and  maintenance 
area  for  single  track  systems 

Subroutine  RAILDS 

Unloads  muck  at  discharge  point 

Subroutine  RAILMT 

Train  maintenance  and  repair 


of 
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TABLE  21 

RAIL  SYSTEM  PERFORMANCE  PARAMETERS  AND 
INPUT  SPECIFICATIONS 


TRAIN  INFORMATION 

1.  Maximum  number  of  train* 

2.  Number  of  train* 

(a)  Initially. _ 

(fc)  Ftr  new  alia  of  atat tm 

3.  Number  of  muck  cara/traln _ _ 

4.  Capacity  of  auckcar:  Volume  (yd^) 

Weight  (tona)_ _ 

5.  Weight  of  empty  ruck  car  (tonj) 

6.  Number  of  axlea/muck  car 

7.  Weight  of  locomotive  (ton*) _ .  .. 

8.  Nuabar  of  axle*  on  locomotive 

a 

9.  Drlva  train  alflclency  of  locomotive  _____ 

a 

10,  Traction  coefficient  _ _ 

11,  Locomotive  power  lource  (dlaacl  or  alectrlc). 

12,  Rated  continuous  operation  horaepower 

13,  Raak  horaepower  available _ 

or 

Traction  effort  cbaracterlatlca 


n  <ib) 

Speed  (mph) 

14.  Maximum  allowed  spaed  (aph) _ 

15.  Maximum  allowed  acceleration  (cph1). 


*  1  f  not  Input,  values  have  been  provided  for  lo  the  aod'-i. 


16.  In  lieu  of  Items  5-15 

(a)  Teak  apecd  empty  (mph)_ _ _ 

full  (mph) _ 

(b)  Faak  acceleration  empty  (mph^) 

full  (mph2) _ 

(c)  Boraapower  required  at  peak  apaed  Empty _ 

Full _ 

(d)  Horaepower  required  at  peak  acceleration 

_ 

Full _ 

17.  Average  braking  deceleration  empty  (aph *) 

full  f.ph2) _ 

18.  Fuel  consumption  rate  (for  dleael  loc.)  (gal/hp’hr)  ___ 

19.  Halotenance  parameter* 

(a)  llngla  train  availability _ 

(b)  In  lieu  of  (19-a)  down  tlaa  par 

aalntananca  period  (hr)  _ 

(c)  Tlaa  between  maintenance  period  (days) _ 

(d)  Nuabar  of  train*  allowed  In  maintenance  at 

one  tine _ _ _ _ 

20.  Huck  loading  -  number  of  trains  allowed  In  loading 

area  at  one  time _ _ 

21.  Huck  unloading _ _ 

(a)  Maximum  number  of  train*  In  dlacharga  area _ 

(b)  Time  to  unload  one  train  (hr)_ _ 

(c)  Maximum  allowed  ape»d  of  train  entering 
4  leaving  discharge  area  (mph) 

(d)  Dlatance  from  portal  to  dlacharge 

area  (ft) _ 


TRACT  INFORMATION 

22.  Single  or  double  track 

23.  Length  of  avltch  (ft) 

24.  Dlatance  between  awltches  (ft) 

23.  Tima  to  asaembla  one  awltcli  (hr) 

26.  Rate  California  awltch  can  be  moved  along  main 

line  (ft/hr) _ 

27.  Allowed  train  apead  In  awltch  (aph) 

28.  Rate  at  which  track  can  be  extended  (ft/hr) 

29.  For  contlnuoua  excavation  process**  maximum 
excavator  runaway  tolerance  (ft) 

30.  Required  loading  area  ahead  of  awltch 

(a)  Maximum  permitted  (ft) 

(b)  Minimum  permitted  (f t) 
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TABLE  21  (cont  ) 

RAIL  SYSTEM  PERFORMANCE  PARAMETERS  AND 
INPUT  SPECIFICATIONS 


1 .  Plont  &  Fqulpmcnt 


ItC.ll 

Ownership 
Cost  Per 

(Rei 

Hr 

(chec 

tal 

Ft 

k  one) 

Unusual 
Cost  per 

levelopmental 

Hr  i  Ft 

(check  one) 

MAJOR  ITEMS: 

Locomotive  unit 

Muck  car  unit 

Track  materials 
Switch 

Unloading  equipment 
Maintenance  shop 

ADDITIONAL  ITEMS: 

| 

IP 

2 .  Job  Materials 


Item 

I  COST 

LIFETIME 

Value 

Unit 

Value 

Unit 

MAJOR  I  TEMS : 

* 

Power:  Dies* 1  * 

Electric 

Minor  servicing  & 
Repairs  (per 
maintenance) 

ADDITIONAL  ITEMS: 

$/gal 

5/kW'hr 

« 

$/ft 

3 .  Direct  Labor 


Labor  Type 

Number 

Requlred/Shi f  t 

Rate 

$/hi 

MAJOR  TYPES: 

Motormen 

Brakemen 

Dlspatchcra 

Dumpmcn 

Bull  gang 

Foreman 

Laborer 

Maintenance 

Foreman 

Mechanics 

Electricians 

ADDITIONAL  TYPES: 

4,  Permanent  Materials 

lost 


Item 

Value 

Unit 

(None  Required) 
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Subroutine  RAILHL 


2 . 


a.  Function 

Subroutine  RAILHL  simulates  train  dynamics  accounting  for  accelera¬ 
tions,  decelerations,  and,  in  the  case  of  single  tracks,  switching  logis¬ 
tics.  In  addition  to  the  system  performance  and  cost  parameters,  inputs 
to  the  subroutine  include;  the  time  increment,  present  length  of  avail¬ 
able  track,  present  number  of  trains  and  switches  in  the  system,  the 
location  of  each  switch  and  state  of  each  train  (i.e.,  empty  or  full, 
accelerating,  deceleration,  constant  velocity,  in  a  swtich,  in  the  loading 
queue,  etc.).  The  outputs  include:  an  updated  train  state  vector  ac¬ 
counting  for  motions  and  state  changes  that  occurred  during  the  time 
interval;  an  updated  load  queue  vector  containing  trains  available  for 
loading;  and  finally  job  material,  plant  and  equipment,  and  labor  costs 
accrued  during  the  time  interval. 

Figure  43  presents  the  rail  haul  geometries  provided  for  in  the 
model.  As  shown,  this  includes  both  double-  and  single-track  systems. 

For  the  double-track  case,  a  typical  sequence  followed  by  an  empty 
train,  entering  at  the  shaft  or  portal  at  the  right  of  the  figure,  is 
initially  to  accelerate  to  some  maximum  allowed  speed  (provided  by  the 
uses),  then  to  continue  along  at  this  speed  until  it  approaches  the  land 
area  queue.  At  this  time  it  decelerates  and  then  either  stops  in  the 

load  area  queue  (if  the  load  area  is  filled)  or  proceeds  directly  into 

the  loading  area  where  it  then  is  loaded  (see  Sec.  IV-E) .  Once  loaded 
the  train  follows  a  similar  sequence  (i.e.,  acceleration,  constant  speed, 
and  deceleration)  back  to  the  discharge  area. 

In  the  case  of  a  single  track,  the  sequence  between  switches  is 
also  the  same  but  differs  In  that  a  train  slowing  down  to  enter  a  switch 

must  make  a  decision  to  stop  or  proceed  through.  In  actual  tunneling' 

operations  a  block  signaling  system  would  be  used  to  alert  the  train 
operator,  by  1_^  ks  or  soma  other  signal,  regarding  the  condition  of 
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the  track,  ahead.  In  the  model,  the  decision  to  stop  or  proceed  is  made 
by  examining  the  next  segment  of  track,  including  the  switch  directly 
ahead.  The  switching  algorithm  logistics  is  built  to  allow  empty  trains 

to  proceed  to  the  face  as  quickly  as  possible.  Consequently,  where 
a  decision  between  an  empty  or  full  train  stopping  in  a  given  switch  must 
be  made,  the  empty  one  will  have  preference  and  be  allowed  to  continue. 

Another  interesting  feature  of  the  switching  algorithm  is  that  it 
models  time-phased  shutdowns  of  individual  trains  when  rock  fragmentation 
or  some  other  subsystems  cause  stoppages.  For  example,  suppose  excava¬ 
tion  has  stopped  with  the  load  area  queue  filled  with  trains  waiting 
to  be  loaded.  In  this  case  all  other  trains  in  motion  will  continue  only 
until  they  must  stop.  For  instance,  consider  an  empty  train  approaching 
the  first  switch  before  the  load  area  (identified  as  switch  A  in  Fig.  43). 
This  train  will  recognize  that  the  load  queue  is  full  and  stop  in  switch 
A.  Now  because  switch  A  is  also  filled  subsequent  empty  trains  following 
will  stop  in  switches  preceding  switch  A  until  eventually  the  discharge 
area  is  shut  down.  This  sequence  works  in  the  opposite  way  as  well — if 
something  should  stop  dumping  operations  in  the  discharge  area,  full 
trains  will  pile  up  in  switches  until  eventually  excavation  will  be  forced 
to  shut  down. 

3.  Performance  Model 

The  user  of  the  train  model  must  first  establish  those  basic 
characteristics  of  the  train  system  listed  in  Table  21.  This  includes 
the  maximum  number  of  trains  required,  the  number  of  muck  cars  per  train, 
and  the  capacity  of  each  car.  The  best  values  for  these  parameters  is 
not  always  obvious  for  the  case  to  be  modeled.  For  a  given  tunnel  geom¬ 
etry  and  geology,  ideally  one  would  like  the  program  itself  to  establish 
the  best  system  configuration.  At  this  time,  the  program  is  not  built 
to  do  this,  but  it  can  be  used  parametrically,  adjusting  these  parameters 
over  a  series  of  runs  and  noting  their  effect  on  system  performance. 
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In  this  respect,  the  user  nay  find  the  following  equations  useful 
for  roughly  establishing  a  higher  bound  on  the  number  of  trains  required, 
given  a  car  capacity  and  train  size.  These  equations  assume  that  a  train 
is  always  available  at  the  face  for  loading,  that  the  geology  and  heading 
advance  rate  is  uniform,  and  that  the  accelerations  and  decelerations  are 
equal  and  peak  speeds  are  the  same  for  full  and  empty  trains. 


„  ATRSfT£ 
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Double-Track  Case ; 


(1) 


T  +  2L 

D  5280v 


2v 


m 


m 


m 


Nt  -  1 


(2) 


1 


) 

Single-Track  Case: 
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N  =  maximum  number  of  trains  required 

N  =  number  of  cars  per  train 
c 

3 

=  volume  capacity  of  car  (ft  ) 

2 

=  area  or  tunnel  (ft  ) 

L  =  maximum  distance  between  face  and  discharge  space  (ft) 
=  muck  swell  factor 
v^  =  maximum  train  speed  (mph) 


i 

1 
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am  =  maximum  train  acceleration  (mph  ) 

R  =  estimated  tunnel  advance  rate  (ft/hr) 

Tj£  =  time  to  load  one  train  distance  between  face  and  discharge 
space  (hr) 

I'd  =  time  to  unload  one  train  (hr) 

Tc  =  cycle  time  for  one  train  (hr) 


In  the  above  equations  a  muck  car  capacity  is  required.  Muck 
cars  are  manufactured  with  a  variety  of  capacities,  sizes,  and  features. 
Capacities  range  from  1/2  yd3  (1  ton)  to  the  large  100-ton  cars.  Widths 
range  from  2.5  ft  to  as  high  as  11  ft.  The  tendency  to  retain  a  low 
profile  seems  to  be  general  with  the  exception  of  the  1  ton  to  5  ton  cars 
where  height  is  considerably  greater  than  width.  Cars  and  their  dumping 
arrangements  include  the  rock  dump,  end  dump,  and  the  automatic  roller 
dump.  Figure  44  and  Table  22,  taken  from  Refs.  47  and  23,  respectively, 
may  help  the  user  establish  approximate  car  sizes  and  capacities  to  use 
in  the  model  and  in  Eqs.  1-3. 

The  function  of  subroutine  RAILHL  is  to  calculate  train  motions. 

The  logic  of  the  program  presumes  that  a  given  train  can  be  in  one  of 
twelve  different  states  depending  on  its  location  and  the  status  of 
operations  at  the  time  of  interest.  These  states  are: 

1.  Stopped  and  empty  or  loading 

2.  Full  and  stopped 

3.  Empty  and  accelerating 

4.  Full  and  accelerating 

5.  Empty  and  at  peak  speed 

6.  Full  and  at  peak  speed 

7 .  Empty  and  decelerating 
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TABLE  22 

DIMENSION  OF  RAIL  MUCK  CARS 
(SIDE-DUMP  CARS  MANUFACTURED  BY  RAY  MORAN) 


8.  Full  and  decelerating 

9.  Empty  and  at  switch  speed 

10.  Full  and  at  switch  speed 

11.  In  the  discharge  area 

12.  In  the  maintenance  area 


For  accelerating  trains  the  dynamics  are  updated  using  the  follow¬ 
ing  relationships  which  assume  that  accelerations  over  the  time  interval 
remain  constant.  (Note  that  accelerations  may  vary  between  intervals.) 
For  empty  trains 

X  =  X,  +  a  At2  +  5280  v.At  (4) 

z  1  l  e  1 

v  =  v  +  a  At  (5) 

2  1  e 

For  full  trains 


x2  =  xi  -  afAt2  -  5280  v^t 


(6) 


v2  =  v^  +  a^At 


where 


At  =  time  interval  (hr) 

X2  =  position  at  end  of  interval  (ft) 

X^  =  position  at  beginning  of  interval  (ft) 

v 2  =  velocity  at  end  of  interval  (mph) 

v.  =  velocity  at  beginning  of  interval  (mph) 

1  2 
a  =  acceleration  for  interval  -  train  empty  (mph  ) 

e  2 
a  =  acceleration  for  interval  -  train  full  (mph  ) 


(7) 
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a  and  a,  are  determined  for  a  given  time  interval  in  one  of  two 
e  f 

ways.  The  use  can  select  a  purely  kinematic  solution  where  accelerations 
always  remain  constant  and  are  direct  user  inputs  (Table  21,  item  16);  or 
he  can  select  a  kinetics  solution  and  provide  power  and  other  related 
characteristics  of  the  train  (Table  21,  items  5-15)  that  are  then  used 
to  calculate  accelerations  (subject  to  a  maximum  limit,  am)  also  a  user 
input — Table  21,  item  15).  The  equations  that  follow  apply  to  the  latter. 
The  empty  and  full  accelerations  (a^  and  a^)  are  related  to  the  net  ac- 


celerating 

force 

(F  and  F.)  and 
e  t 

the  gross  weight  of  the  train  by  the 

equations 

a  = 

39.4  F  /G  <  a 

(mph2) 

(8) 

e 

e  e  —  m 

af  = 

39.4  F./G.  <  a 
f  f  —  m 

(mph2) 

(9) 

where  the 

39.4  is 

i  a  conversion  constant  and 

F  = 

T  -  R 

(lb) 

(10) 

e 

e  e 

Ff  = 

Tf  -Rf 

(lb) 

(ID 

G  = 

W  N  +  W0 

(tons) 

(12) 

e 

c  c  x, 

Gf  " 

N  ( W  +  1.35  V  I  +  W0  (tons) 

c  \  c  c  /  a 

(13) 

number  of  cars  in  a  train 
empty  weight  of  a  car  (tons) 

3 

volume  capacity  of  a  car  (yd  ) 
weight  of  the  locomotive  (tons) 


where  N  = 
c 

W  = 
c 


V  = 
c 
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=  available  tractive  effort  -  empty  train  (lb) 

T  =  available  tractive  effort  -  full  train  (lb) 

Rg  =  rolling  resistance  -  empty  train  (lb) 

=  rolling  resistance  -  full  train  (lb) 

Tractive  effort  (T  and  T^)  depends  on  the  available  traction  at 
the  wheels  or  on  the  power  delivered  to  the  wheels  for  a  given  locomotive. 
It  is  outed  as  the  smaller  value  given  by  the  equations 

2000  f  •  W.  (traction  limit) 

fc  (  -b)  (14) 

375  HP  1  E„  (power  limit) 
a  x, 


coefficient  of  traction,  taken  as  0.25  unless  input 

user-input  peak  available  horsepower  of  locomotive 

drive  train  efficiency  of  locomotive,  taken  as  0.8  unless 
input 

Instead  of  the  above  power  equation,  the  user  also  has  the  option 
of  providing  a  tractive  effort  curve  for  the  locomotive,  an  example  of 
which  is  gi  <un  in  Fig.  45  for  a  Plymouth  Model  MDT  30-ton  Diesel  locomo¬ 
tive.  Note  that  this  curve  implies  a  certain  peak  horsepower  and  drive 
train  efficiency  and  that  the  above  power  equation  is  simply  an  approxi¬ 
mate  fit  to  this  curve. 

The  rolling  resistance  (R  and  R.)  required  in  Eqs.  10  and  11  is 
48  e  t 

determined  from 


where  f^  = 

HP  = 
a 


E*  = 
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) 


R  =  G 
e  e 


1.3  +  29/W  +  0 .0005  A  v.  /W  M  +  0.045  v. 

e  c  1  e  c  1 


(15) 


Rf  =  Gf 


1.3  4-  29 /Wf  4-  0.0005  A  vx  /WfMc  4-  0.045 


(16) 


where  W  and  Wr  are  the  average  axle  weight  in  the  empty  and  full  condi- 
e  f 

tion  and  are  given  by: 


W  =  G  /  (N  M  4  M„)  (tons) 
e  e  c  c  x, 


(17) 


W  =  G  / (N  M  4-  M0)  (tons) 

I  ICC  X/ 


(18) 


where,  =  number  of  axles  per  muck  car 

=  number  of  axles  on  the  locomotive 

N  =  number  of  muck  cars 
c 

G  =  see  Eq .  12 
e 

G^  =  see  Eq.  13 


1 


A  ,  the  side  board  area  of  a  muck  car,  can  be  approximated  by 
c 


47 


A  =  6.65  V  0,35  (ft2) 

c  c 


(19) 


In  the  case  of  trains  traveling  at  peak  speed,  the  dynamics  are  updated 
using 


X,  =  X,  +  5280  v  At 
2  1  e 


(20) 


for  empty  trains  and 


X2  *  X  -  5280  vfAt 


(21) 
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for  full  trains,  where  and  are  given  above  and 
vg  =  peak  empty  speed  (mph) 

v^  =  peak  full  speed  (mph) 


Again  the  user  has  the  option  of  specifying  v^  and  v  directly 

(Table  21,  item  16a)  or  he  can  select  a  kinetics  solution  based  on 

locomotive  power  (also  specifying  a  maximum  allowed  speed,  V  — Table  21, 

item  14 — if  the  power  of  the  locomotive  is  such  that  this  speed  might  be 
* 

exceeded).  For  this  option  the  following  two  equations  are  solved  simul¬ 
taneously  with  Eq.  15  for  R^i.e.,  with  v1  =  vg)  and  Eq.  16  for  R  (i.e., 

with  v-  =  vc)  to  obtain  v  and  v..  I 
if  e  f 


-  375  WRe  i  Vm 

(22) 

'  373  W* £  i  V„ 

(23) 

* 

Because  of  generally  poor  lighting  and  roadbed  conditions,  train  speeds  in 
tunnels  rarely  exceed  20  mph.  In  some  states  maximum  speeds  are  even 
specified  by  law.  An  example  is  provided  by  Sec.  84-29  of  the  Colorado 
Mining  Laws: 

Employees  operating  any  haulage  train  underground  must  keep  their  trains 
under  control  at  all  tines,  and  operate  them  at  a  speed  not  to  exceed 
the  following: 

When  the  track  gauge  is  eighteen  (18)  in.  and  the  rails  used  are 
twenty  (20)  lb,  the  speed  shall  be  three  (3)  mi/hr  on  curves 
and  six  (6)  mi /hr  on  straightaway. 

When  the  track  gauge  is  twenty-four  (24)  in.  and  the  rails  used 
are  thirty  (30)  lb,  the  speed  shall  be  five  (5)  mi/hr  on  curves 
and  ten  (10)  mi/hr  on  straightaway. 

When  the  track  gauge  is  thirty-six  (36)  in.  and  the  rails  used  are 
forty-five  (45)  lb,  thi  speed  shall  be  eight  (8)  mi/hr  on  curves 
and  fifteen  (15)  mi/hr  on  straightaway. 

When  the  track  gauge  is  forty-eight  (48)  in.  and  the  rails  used 
are  sixty  (60)  lb  or  over,  the  speed  shall  be  ten  (10)  mi/hr  on 
curves  and  eighteen  (18)  mi/hr  on  straightaway. 
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where  E^,  R  ,  and  are  defined  above  and  HP^  =  rated  power  of  the 
locomotive  for  cor-inuous  operation  (hp) . 


where  X2>  X-^  v2,  and  v-^  are  defined  above  and 

2 

d  =  user  input  average  deceleration  rate  for  empty  trains  (mph  ) 
e 

2 

dj.  =  user  input  average  deceleration  rate  for  full  trains  (mph  ) 

Finally,  for  trains  traveling  through  switches  at  a  given  user- 
specified  speed  Vg,  the  following  equations  are  used 


X  -  X  +  5280  v  At  (empty  trains)  (28) 

Z  1  s 

X„  =  X,  -  5280  v  At  (full  trains)  (29) 

2  1  s 
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4.  Cost  Information 

Cost  categories  applying  to  subroutine  RAILHL  include  direct  labor, 
plant  and  equipment  and  jc'  materials. 

Typical  labor  types  required  to  run  the  train  system  are  listed  in 
Table  21  under  cost  information.  Those  associated  specifically  with 
haulage  include  motormen,  brakemen  and  dispatchers.  It  can  be  presumed 
that  at  least  one  motorman  and  brakeman  will  be  required  for  each  loco¬ 
motive,  and  that  at  least  one  dispatcher  will  be  required  for  every 
2  mi  of  system. ^  Representative  wage  rates  for  the  western  United  States 
are  given  in  Volume  II. 

For  plant  and  equipment  cost,  representative  costs  for  locomotive 
and  muck  car  units  (taken  from  Ref.  47)  are  given  in  Fig.  46.  The  data 
was  established  in  1967;  therefore,  the  1.26  factor  is  applied  to  esca¬ 
late  to  1972  costs.  On'j  can  depreciate  these  costs  over  the  length  of 
the  project  by  selecting  the  per  foot  option  of  Table  21,  or  one  can 
select  the  per  hour  option  taking  the  life  of  the  equipment  cor servative- 
ly  at  15  yr .  The  latter  option  is  probably  more  realistic. 

The  only  job  material  costs  computed  in  subroutine  RAILHL  are 
haulage  power  costs.  The  model  assumes  that  energy  consumed  during 
periods  of  deceleration  or  periods  spent  in  switches  is  negligible  com¬ 
pared  to  accelerating  or  peak  velocity  consumption.  The  model  does  take 
into  account,  though,  the  difference  between  accelerating  and  peak  velo¬ 
city  consumption  for  both  full  and  empty  trains. 

If  the  user  selects  the  kinematic  option,  item  16  in  Table  21, 
tb  cost  for  power  consumed  in  the  time  increment  At  is  computed  from 

Power  Cost  =  HP  •  F  •  C  -At  ($)  (30) 

c  p 
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1957  U.S.  DOLLARS  SHOWN, 
1.26  x  1967  DOLLARS  =  197 
BASED  OH  ENGINEERING  NEWS 


Figure  46.  Locomotive  System  Equipment  Cost 


where  HP  =  user  provided  power  levels  for  peak  speed  -  empty  and 
full  -  and  peak  acceleration  -  empty  and  full  (hp) 

Fc  =  diesel  fuel  consumption  data  taken  as  0.0455  unless  input 
(gal/hp‘hr)  (i.e.,  set  to  one  for  electric  locomotives) 

C  =  power  cost  taken  as  0.14  $/gal  for  diesel  locomotives 
P 

0.02  $/kW*hr  for  electric  locomotives  unless  input 

If  the  user  selects  the  kinetics  option,  items  5-15  in  Table  21,  cost 
for  power  in  the  time  interval  again  is  computed  from  Eq.  30  with  the  ex¬ 
ception  that  for  empty  accelerating  trains, 


HP 


a  G 
e  e 

39.4 


+  R 

e 


- - —  <  HP 

375  E.  “  a 


(hp) 


(31) 


for  full  accelerating  trains, 


HP 


3fGf 

3974  +  Rf 


itH:  1  HPa 


(hp) 


(32) 


for  empty  trains  at  peak  speed, 


HP  ■  Mr.  5  HPv 


(hp) 


for  full  trains  at  peak  speed, 


RfV 

HP  =  375Tn  £  HPv 


(hp) 


(33) 


(34) 


whc  e  the  various  parameters  are  as  defined  in  the  preceding  section. 
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3. 


Subroutine  RAILEX 


a.  Function 

Subroutine  RAILEX  extends  the  rail  system  (including  tracks,  trains, 
and  switches) . 

Besides  system  performance  and  cost  parameters,  inputs  to  the  pro¬ 
gram  include  the  time  increment;  position  of  the  face;  the  face  advance 
during  last  time  step;  the  present  number  of  trains  in  the  system  inclu¬ 
ding  their  location  and  status;  and  the  present  number  of  switches, 
including  their  location.  For  a  give’  time  interval  outputs  include 
updated  track  length,  number  of  trains  and  number  of  switches,  as  well 
as  plant  and  equipment  and  direct  labor  costs. 

Typical  extension  geometries  that  can  be  modeled  are  shown  in 
Fig.  47.  Illustrated  is  the  case  of  a  California  switch,  used  for  train 
switching  during  loading  operations,  with  a  single  track  laid  forward 
of  it.  Other  cases  including  double  tracks  and  such  techniques  as  a 
Jacobs  sliding  floor  (where  track  is  laid  at  the  rear)  could  alsc  be 
modeled  with  an  appropriate  selection  of  input  parameters. 

As  shown  in  Fig.  47,  the  program  extends  the  tracks  in  a  manner 
consistent  with  the  nature  of  the  excavation  scheme  employed.  The  lower 
figure  shows  a  case  where  excavation  is  cyclic,  such  as  drill  and  blast. 
Here  track  is  laid  in  cycles  with  its  advance  equal  to  the  heading  advance 
for  the  round.  For  excavation  processes  that  are  more  continuous,  the 
boring  machine  for  example,  track  is  laid  continuously  with  time  as 
shown  in  the  upper  figure. 

In  either  case,  when  the  loading  area,  1  ,  exceeds  a  user  input 
maximum  value,  operations  cease  and  the  California  switch  is  brought 
forward  to  a  minimum  1  that  allows  enough  room  for  a  full  train  or 

cl 

single  car  as  the  user  desires.  If  the  California  switch  is  pulled  by 
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the  continuous  excavator  (as  is  the  case  for  the  Layout  Tunnel  boring 
machine  and  loading  configuration  discussed  in  Vol.  IT)  la  maximum  and 
minimum  are  both  set  to  the  same  constant  loading  length. 

In  the  case  of  continuous  excavation,  an  interesting  feature  of 
RAILEX  is  that  it  models  the  interaction  between  the  excavation  and 
track-laying  operations.  For  example,  if  the  excavator  advance  rate  ex¬ 
ceeds  the  track  extension  rate,  over  a  period  of  time  the  excavator  will 
run  away  from  the  available  track.  To  prevent  this  the  user  must  input  a 
runaway  tolerance  (i.e.,  a  maximum  tolerated  value  of  S  in  Fig.  47) 

which  if  exceeded  will  cause  excavation  to  shut  down  until  track  laying 
* 

can  catch  up.  One  can  see  how  the  utilization  of  the  excavation  system 
(Fig.  14)  would  be  adversely  affected  if  this  should  occur  frequently. 
Indeed  this  would  indicate  that  quicker  track-laying  methods  must  be 
developed. 

b.  Performance  Relationships 

The  major  parameters  defining  system  extension  characteristics  in 
subroutine  RAILEX  include  the  number  of  trains  required  for  each  mile  of 
system,  the  distance  between  switches  for  a  single  track  case,  and  the 
rate  at  which  track  can  be  extended. 

The  algorithm  for  train  addition  is  set  up  as  follows.  The  user 
provides  the  number  of  trains  per  mile  of  system  (Nfc)  for  one  or  two 
ranges  of  tunnel  length.  The  following  equations  are  then  used  to  define 
when  trains  are  to  be  added: 


If  the  excavator  rate  is  less  than  the  track  extension  rate  such  that  over 
a  period  of  time  S  (Fig.  47)  should  go  to  zero,  the  track  extension 
rate  would  simple  be  set  equal  to  the  excavator  rate  until  such  time  as  S 
becomes  greater  than  zero. 


for  X  <  5280L1 


for  X  >  5280L1 


(35) 


(36) 


where  X  =  face  position  for  time  interval  (ft) 

N  =  maximum  number  of  trains 

(N  )  =  updated  number  of  trains 

(N t )  =  initial  number  of  trains  at  X  =  0 

=  tunnel  length  where  train  addition  criteria  changes  (mi) 
(N^_)  i  =  number  of  new  trains  desired  per  mile  of  system  for 
X  <  5280L1 

(N^) 2  =  number  of  new  trains  desired  per  mile  of  system  for 
X  >  5280L1 


The  program  performs  the  above  computations  in  integer  arithmetic 
(i.e.,  all  fractional  quantities  are  truncated,  with  (Nfc)^  containing  the 
lowest  whole  number).  Consequently,  if  for  example  (N(  ;)  1  or  (Nt)2  is 
input  as  a  fraction  one-half,  one  train  would  be  added  every  2  mi  of  new 
track.  Also  note  that  once  the  maximum  number  of  trains  (Nfc)  is  reached, 
no  new  trains  would  be  added. 

For  a  single  track  with  intermittent  switches  the  program  also 
adds  switches  to  the  system  at  appropriate  intervals.  The  user  specifies 
the  desired  distance  between  switches  (item  24,  Table  21),  and  the 
program  keeps  track  of  when  a  new  switch  should  be  added,  and  also  the 
time  delays  (item  25,  Table  21)  associated  with  its  assembly  and  deploy¬ 


ment  . 


As  discussed  previously,  track  laying  is  either  cyclic  or  continuous 
(Fig.  47)  depending  upon  the  nature  of  the  excavation  process.  For  cyclic 
operations,  the  length  of  added  track  is  taken  equal  to  the  heading  ad¬ 
vance  for  the  round  and  the  time  for  track  laying  computed  as 

At  =  AX  /X  (37) 

e  re 


where  AX^  =  length  of  round  (ft) 

X  =  average  track  extension  rate  (ft/hr) 
e 

The  program  is  then  executed  for  successive  intervals  until  At  is  exceeded, 

e 

at  which  time  the  available  loading  length  (1  )  is  updated  by  AX  . 

SL  it 


For  continuous  processes,  the  track  extension  and  loading  lengths 
(S  and  1  respectively  in  Fig.  47)  are  updated  using 

cl 


s  =  s 

l  = 
a 


0  +  “e  -  *eAt 

(1  )n  +  X  At 
a  0  e 


S  >  S  >  0 

m  —  — 


(1  )  >  1  >  (1  ) 
a  mx  —  a  —  a  mn 


(38) 

(39) 


where  At 


<Vo 

(Vm* 


(V„n 


s 

m 


time  interval  (hr) 
excavator  advance  in  At  (ft) 

track  extension  rate  (ft/hr) 

available  track  extension  length  at  beginning  of  interval 
(ft) 

available  loading  length  at  beginning  of  interval  (ft) 
maximum  loading  length  allowed  before  switch  is  moved  (ft) 
minimum  loading  length  (ft) 

maximum  permitted  excavator  runaway  tolerance  (ft) 
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If  S  results  in  a  value  less  than  zero  (i.e.,  a  case  where  the  track  has 

caught  up  to  the  excavator),  then  S  is  simply  equated  to  zero  for  that 

interval.  If  S  >  (maximum  separation  between  excavator  and  track) , 

excavation  is  shut  down  until  S  <_  again.  Also  if  1  becomes  greater 

than  the  maximum  loading  area  allowed  (1  )  ,  the  California  switch  is 

a  mx 

advanced  forward  until  1  equals  the  minimum  loading  area  (1  )  .  The 

a  a  mn 

time  delay  to  accomplish  this  is  calculated  using 


1(1  )mv 

a  mx 


-  (1)]/X 

a  mn  s 


(40) 


where  X  =  California  switch  speed  along  main  line  (ft/hr), 
s 

The  average  track  extension  rate,  Xg,  depends  on  a  number  of  fac¬ 
tors  including  the  number  of  tracks,  the  rail  size,  the  degree  of  road¬ 
bed  preparation,  the  size  of  the  track  laying  crew,  equipment  used  etc. 

In  addition,  the  rail  design  employed  is  a  function  of  the  expected 
wheel  loads,  the  condition  of  the  roadbed,  the  spacing  of  cross  ties, 
etc.  (see  Table  23).  Good  roadbed  preparation  and  track  laying  procedures, 
comparable  to  those  used  in  commercial  railroads,  result  in  low  average 
advance  rates  (—4  ft/hr  for  90- lb  rail,  4-man  crew)  but  can  support  high¬ 
speed  trains.  In  tunnel  work,  snaky,  uneven  tracks,  cheaply  and  hastily 
laid  down  with  little  or  no  attempt  to  properly  tamp  the  ties  or  ballast 
for  unevenness  or  rigidity  of  rail  may  lead  to  greater  advance  rates 
r—  10  or  more  ft/hr)  but  with  corresponding  reductions  in  the  speeds  and 

wheel  loads  that  can  be  supported  without  potential  derailments,  etc. 

• 

Consequently,  the  relationship  between  the  track  extension  rate,  X  ,  and 

e 

allowed  train  speed  for  various  track  designs,  roadbed  conditions,  etc., 
should  be  established.  This  would  require  additional  data  gathering  to 
identify  realistic  correlations  that  could  then  be  easily  incorporated 
into  the  model. 


c.  Cost  Information 

The  cost  categories  associated  with  subroutine  RAILEX  are  plant  and 
equipment  and  direct  labor.  Plant  and  equipment  (see  Table  21)  is  the 
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cost  of  track  materials  prorated  on  a  dollar  per  foot  basis.  These 
materials  include  ballast,  rails,  ties,  etc.,  and  can  be  estimated  using 
Fig.  48  (taken  from  Ref.  47). 

Direct  labor  is  the  cost  of  'he  "bull  gang"  required  for  track 
laying  (Table  21).  This  should  include  both  the  men  at  the  face  as  well 
as  those  that  handle  track  materials  at  the  stockpile  in  the  portal  or 
shaft  area. 


TABLE  23 

RECOMMENDED  MAXIMUM  LOAD,  ONE  WHEEL,  IN  POUNDS  23 


* 

Weight  of  rail, 
lb /yd 

Tie  Spacing,  in. 

24 

30 

36 

42 

8 

800 

600 

500 

400 

12 

1,800 

1,300 

1,100 

1,000 

16 

2,700 

2,200 

1,800 

1,500 

20 

3,800 

3,100 

2,500 

2,100 

25 

4,700 

3,800 

3,100 

2,700 

30 

6,700 

5,400 

4,500 

3,900 

35 

8,100 

6,400 

5,400 

4,600 

40 

9,700 

7,700 

6,400 

5,500 

45 

11,300 

9,100 

7,600 

6,500 

50 

13,300 

10,600 

8,900 

7,600 

55 

15,300 

12,300 

10,200 

8,800 

60 

17,700 

14,100 

11,600 

10,000 

’fc 

Standard  lengths:  30  ft  for  weights  up  to  45  lb/yd. 

33  ft  for  50  lb/yd  or  heavier. 
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4 .  Subroutine  RAILDS 

Subroutine  RAILDS  unloads  muck  from  trains  which  have  passed  into 
the  discharge  area  (Fig.  43). 

To  use  this  subroutine,  the  user  specifies  the  maximum  number  of 
trains  allowed  in  the  discharge  area  at  one  time,  the  time  it  takes  to 
unload  one  train,  and  the  maximum  allowed  speed  of  a  train  entering  and 
leaving  the  area  (item  21,  Table  21). 

The  subroutine  accepts  a  train  for  unloading  only  if  there  is  room 
available.  If  there  is  not,  it  is  put  into  an  unloading  queue  for  future 
access. 

Once  accepted  a  train  is  unloaded  by  summing  the  time  intervals 
(each  time  the  subroutine  is  called)  until  the  unloading  time  is  equaled 
or  exceeded  for  the  train.  At  this  point  for  the  double-track  case,  the 
train  is  injected  back  into  the  system  directly.  In  the  case  of  single- 
track  systems,  it  is  stored  in  a  queue  until  the  first  track  segment 
ahead  is  clear  (see  subroutine  ADDTRN) . 

Cost  associated  with  subroutine  RAILDS  are  the  plant  and  equipment 
cost  of  the  unloading  equipment,  and  the  direct  labor  to  operate  it. 

These  are  provided  for  in  the  model  as  user  inputs. 

5.  Subroutine  RAILMT 

Subroutine  RAILMT  accounts  for  train  maintenance  periods.  In  terms 
of  performance  parameters  the  user  provides  either  a  unit  train  avail¬ 
ability  or  down  time  per  maintenance,  the  time  between  maintenance  periods, 
and  the  number  of  trains  allowed  in  maintenance  at  one  time  (item  19, 

Table  21) . 
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The  subroutine  accepts  trains  for  maintenance  if  there  is  room  in 
the  maintenance  area.  If  not  the  train  is  allowed  to  continue  haulage 
until  room  becomes  available. 

Once  accepted,  a  train  is  taken  out  of  the  system  for  a  period 
equal  to  the  down  time  specified  directly  as  a  user  input  or  calculated 
using  the  availability  specified  and  time  between  maintenance  periods. 

For  each  train  in  maintenance,  a  counter  sums  the  intervals  each  time 
the  subroutine  is  called,  until  maintenance  is  completed.  For  the 
double-track  case,  the  train  is  then  injected  back  into  the  system 
directly,  or  for  the  single-track  case  stored  in  a  queue  until  the  first 
track  segment  ahead  is  clear  (see  subroutine  ADDTRN) . 

Costs  associated  with  subroutine  RAILMT  include  plant  and  equipment 
for  the  maintenance  shop;  job  materials  for  minor  servicing  and  repairs 
(prorated  per  maintenance  period);  and  the  direct  labor  for  the  mainten¬ 
ance  crew  including  foreman,  mechanics,  and  electricians.  These  are 
provided  for  as  user  inputs  in  Table  21. 

6.  Subroutine  ADDTRN 

Used  only  for  single-track  systems,  subroutine  ADDTRN  is  simply  a 
utility  program  for  inserting  trains  into  the  system.  This  subroutine 
is  called  by  RAILEX  if  a  new  train  is  to  be  inserted  for  system  extension, 
or  by  RAILDS  or  RAILMT  if  existing  trains  coming  from  the  discharge  or 
maintenance  area  are  to  be  inserted. 

If  a  train  is  available  for  insertion,  this  routine  examines  the 
first  segment  of  track  (including  tie  switch)  beyond  the  shaft  or  portal 
to  ascertain  when  the  train  can  proceed  without  interfering  with  oncoming 
traffic,  etc.  (see  Fig.  43). 
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C.  TRUCK  SYSTEM 

1 .  Introduction 

By  the  truck  system  is  meant  a  fleet  of  rubber-tired ,  self-propelled 
vehicles  that  travel  uncontrained  in  the  tunnel.  Power  is  provided  by 
either  diesel  (the  most  common),  electric,  or  compressed-air  motors. 

The  diesel  is  normally  equipped  with  exhaust  scrubbers  which  remove  some 
of  the  particles  and  irritant  gases,  mainly  oxides  of  sulfur  and  alde¬ 
hydes.  Gasoline  trucks  are  not  used  because  of  excessive  concentrations 
of  carbon  monoxide  in  their  exhausts. 

Available  trucks  are  either  rigid  frame  constructed,  or  of  the 
tractor-trailer  type,  both  having  various  dumping  arrangements  such  as 
bottom  dumps,  side  dumps,  and  tilt  bodies  for  rear-end  dumping.  A  large 
range  of  capacities  is  also  available:  as  small  as  the  3-ton,  22-hp 
diesel  Getman  KD-2  ore  carrier,  to  as  high  as  the  30-ton,  300-hp,  tractor- 
rear-dump  trailer,  Caterpillar  PR  621  (Table  24).*  Both  the  rigid  frame 
trucks  and  articulated  haulers  have  the  capability  of  transporting  both 
construction  materials  and  personnel,  as  well  as  bulk  materials,  although 
special  configurations  of  the  cargo  box  may  be  required  in  some  instances. 

The  major  advantage  of  rubber-tired  systems  is  their  flexibility. 

They  have  minimum  system  extension  requirements  (i.e.,  no  guideways  are 
required  for  operation),  can  operate  on  grades  up  to  10%  or  more,  can 
readily  be  moved  from  one  heading  to  another  when  alternate  heading  crews 
are  used,  and  can  be  mobilized  quickly  (of  great  advantage  in  short 
tunnels) . 


Off-highway  trucks  are  available  in  capacities  exceeding  150  tons,  but 
have  limited  application  to  tunnels  because  of  their  restrictive  size 
and  maneuverability. 

O 
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TABLE  24 

REPRESENTATIVE  DIESEL-POWERED  TRUCKS  USED  IN  TUNNELING  AND  MINING 


.1 


The  disadvantages  include:  the  fact  that  they  take  up  an  excessive 
amount  of  tunnel  cross-sectional  area;  they  are  wider  than  rail-mounted 
equipment  of  similar  capacity,  which  necessitates  wider  roadbeds;  they 
are  relatively  inefficient,  requiring  more  horsepower  per  unit  payload, 
which  results  in  larger  ventilation  requirements;  they  require  a  well- 
graded,  firm  surface  to  operate  (wet  tunnels  become  a  problem)  and  to 
prevent  excessive  and  costly  tire  wear. 


The  activities  associated  with  the  truck  system,  including  subrou¬ 
tine  names  used  in  the  model,  are  summarized  in  Table  25.  Also  the 
input  specification  sheet  including  performance  and  cost  information  are 
given  ir.  Table  26.  The  reader  should  note  that  these  activities  and 
input  specifications  are  very  similar  to  the  train  system  discussed  pre¬ 
viously  i.i  Sec.  IV-B  (see  Tables  20  and  21).  Correspondingly,  the 
logistics  and  mathematical  representations  for  the  various  activities 
are  also  very  similar.  This  should  not  be  surprising  since  both  systems 
are  intermittent  in  nature,  and  differ  mainly  in  the  performance  and 
cost  parameters  assigned  to  the  same  basic  equations,  and  the  fact  that 
truck  systems  (except  for  roadbed  ballast)  have  little  system  extension 
requirements.  The  subsequent  sections  therefore  highlight  the  major 
differences  between  the  truck  and  train  systems.  In  other  words,  mathe¬ 
matical  performance  and  cost  representations,  unless  explicitly  stated 
otherwise,  are  the  same  as  those  already  given  in  Sec.  IV-B. 
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TABLE  25 

SUMMARY  OF  TRUCK  SYSTEM  ACTIVITIES 


Subroutine  TRUKHL 

Updates  truck  dynamics  accounting  for  accelerations  and 
decelerations 

Subroutine  TRUKEX 

System  extension  -  road  ballast  and  truck 
addition 


Subroutine  TRUKDS 

Unloads  muck  at  discharge  point 

Subroutine  TRUKMT 

Truck  maintenance  and  repair 


TABLE  26 


Truck 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

B. 

9. 


10. 

11. 

12. 


13. 

14. 

15. 


TRUCK  SYSTEM  PERFORMANCE 
PARAMETERS  AND  INPUT  SPECIFICATIONS 


Information 

Maximum  number  of  trucks _ _____ 

Number  of  trucks 

(a)  Initially _ 

(b)  To  bo  added  per  mile  of  syatein  _ 

3 

Capacity  of  truck:  Volume  (yd  ) _ 

Weight  (tons) _ 

Empty  weight  of  truck  (tonn)__ _ 

* 

Drive  train  efficiency  _ _ 

A 

Trection  coefficient  _ 

Rolling  resistance  factor  (lb/ton) _ 

Rated  flywheel  horsepower  (continuous  operation) 

Peak  horsepower  svailable  (accelerating) _ 

or 

Rimpull  Characteristics 


KP  (lb) 

Speed  (mph) 

16.  Maintenance  parameters 

(s)  Single  truck  availability _ _ 

(b)  In  lieu  of  (15-a)  down  time  per  maintenance 

cycle  (hr)  _ _ _ _ 

(c)  Time  betveen  maintenance  periods  (days) _ 

(d)  Number  of  trucks  allowed  in  maintenance  at  one 

time  _ 

17.  Muck  loading  and  unloading 

(a)  Number  of  trucks  allowed  in  loading  area  at 

one  time _ 

(b)  Number  of  trucks  sllowed  in  discharge  area 

(c)  Time  to  unload  one  truck  (hr) _ 

(d)  Maximum  allowed  speed  for  truck  entering  and 

leaving  discharge  area  (mph) _ 

(e)  Dlstence  from  portal  to  discharge  erea  (ft) _ 


Maximum  allowed  speed  (mph) _ 

2 

Maximum  sllowed  acceleration  (mph  ). _ 

In  lieu  of  items  4-11 

(e)  Peak  speed  Empty  (mph)_ _ 

Full  (mph) 

2 

(b)  Peek  acceleration  Empty  (mph  ) _ 

Full  (mph2) _ 

(c)  Horsepower  consumed  at  peak  speed  Empty. 

Full. 

(d)  Horsepower  consumed  et  peak  acceleration 

Empty. 

Full. 

A  2 

Average  braking  deceleration  Empty  (mph  ) 

Full  (mph^) _ 

Fuel  consumption  rate  (gal/hp-hr) 

Road  (bellsst)  extension 

(e)  Rate  (ft/hr) _ 

(b)  Excavator  runaway  tolerance  (contlououe 
excevstlon)-(f t) 
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TABLE  26  (cont.) 

TRUCK  SYSTEM  COST  INFORMATION  AND  INPUT  SPECIFICATIONS 


It  Plant  4  Equipment 


2. 


Job  Mater iele 


Coat  Lifetime 


Item 

Value 

Unit 

Value 

'  Unit 

MAJOR  ITEMS: 

Dleeel  Fuel* 

J/*eI 

- 

- 

Minor  Servicing  end 
ftepelr 

(Tires,  lubrlcstlon, 
ttc.) 

$/Melnt . 

ADDITIONAL  ITEMS: 

i/ft 

Direct-  Lebor 


Labor  Type 


MAJOR  TYPES: 


Number 

Requlred/Shl f  t 


Rate 

$/hr 


Truck  Operetora 


Melntenence 


Foremen 

Kechanlca 

Bull  Ceng 


Foremen 

Laborer 


ADDITIONAL  TYPES: 


At 


Permanent  Materlele 


Coet 


Item 

Value 

Unit 

(None  Required) 
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2. 


Subroutine  TRUKHL 


a.  Function 

Subroutine  TRUKHL  simulates  truck  dynamics  accounting  for  acceler¬ 
ations  and  decelerations.  It  is  similar  to  RAILHL  in  Sec.  IV-B-2.  In¬ 
puts  to  the  subroutine  (besides  system  performance  and  cost  information) 
include  the  time  increment,  position  of  the  face,  present  number  of 
trucks  in  the  system,  and  the  location  and  state  of  each  truck  (i.e., 
empty  or  full,  accelerating,  etc.).  The  outputs  include:  an  updated 
truck  state  vector  accounting  for  motions  and  state  changes  occurring 
during  the  time  interval;  an  updated  load  queue  vector  containing  trucks 
available  for  loading;  and  finally  job  material,  plant  and  equipment,  and 
labor  costs  accrued  during  the  interval. 

For  long  tunnels,  it  is  presumed  that  trucks  can  pass  each  other 
(see  the  similar  to  the  rail  haul  geometry  for  double  tracks  shown  in 
Fig.  43).  If  the  truck  sizes  prevent  their  passing,  niches  could  be 
excavated  along  the  tunnel  at  various  intervals  to  provide  passing  areas. 
This  possibility  is  not  presently  modeled  but  could  easily  be  by  adapting 
that  part  of  the  RAILHL  subroutine  used  to  model  the  single-track  train 
case  as  shown  in  Fig.  43. 

b.  Performance  Model 

With  the  number  of  cars  N£  =  1,  Eqs.  1  through  3  for  the  train  case 
can  also  be  used  to  establish  an  approximate  higher  bound  on  the  number 
of  trucks  (of  a  given  capacity)  required  to  sustain  a  given  advance  rate. 
Also,  Table  24  may  be  used  to  establish  truck  sizes  and  capacities  compa¬ 
tible  with  a  given  tunnel  cross  section.  This  table  compiles  characteris¬ 
tic  data  on  available  trucks  used  in  tunnel  and  mining  operations. 

The  logic  of  subroutine  TRUKHL  presumes  a  given  truck  can  be  in 
one  of  ten  different  states  (opposed  to  swelve  for  the  train  case,  i.e., 
empty  and  full  trains  in  switches  are  excluded)  depending  on  its  location 
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and  the  status  of  operations  at  the  time  Interval  of  interest.  These 
states  are: 

1.  Empty  or  loading  and  stopped 

2.  Full  and  stopped 

3.  Empty  and  accelerating 

4.  Full  and  accelerating 

5.  Empty  and  at  peak  speed 

6.  Full  and  at  peak  speed 

7.  Empty  and  decelerating 

8.  Full  and  decelerating 

9.  In  the  discharge  area 

10.  In  the  maintenance  area 

For  accelerating  trucks,  Eq.  4  through  7  are  used  but  with  the 
following  substituted  to  calculate  the  empty  and  full  accelerations  (ag 
and  af)  if  the  kinetics  solution  option  is  selected: 

a  =  39.4  F  /W  <  a  (mph^)  (41) 

e  e  e  —  m 

a,  ■  39.4  F,/W,  <  a  (mph^)  (42) 

r  t  t  —  m 

where  the  39.4  is  a  conversion  constant  and 


F  =  Rp  -  R 
e  e  e 

(lb) 

(43) 

Ff  =  Rpf  -  Rf 

(lb) 

(44) 

W  -  W  +  1.35  V 
f  e  c 

(tons) 

(45) 

where 

W  =  empty  weight  of 

truck  (tons) 

■  full  weight  of  truck  (tons) 


3 

=  volume  capacity  of  truck  (yd  ) 

F  =  net  force  available  for  accelerating  empty  truck  (lb) 
e 

=  net  force  available  for  accelerating  full  truck  (lb) 
Rp^  =  available  rimpull  -  empty  truck  (lb) 

Rp^  =  available  rimpull  -  full  truck  (lb) 

R^  =  rolling  resistance  -  empty  truck  (lb) 

R^  =  rolling  resistance  -  full  truck  (lb) 


The  pulling  force  measured  at  the  rim  of  the  drive  wheels  is  called 
the  rimpull,  and  the  amount  available  for  accelerating  depends  on  the 
available  traction  between  wheel  and  ground  or  on  the  power  delivered  to 
the  wheels  for  a  given  truck.  It  is  computed  as  the  smaller  value  given 
by 

2000  f  •  W  (traction  limit) 

t  e 

(lb)  (46) 

_ a _ (power  limit) 


and 


(2000  f  •  W 
' 

375  HP  *  E 

- a - 


(traction  limit) 

(lb) 


(power  limit) 


(47) 


where  f  =  coefficient  of  traction  (see  Table  27)  taken  "g  0.36  unless 
input 

HP  «  peak  available  horsepower  of  truck  (hp) 

EL 

=  drive  train  efficiency  of  truck  taken  as  0.85  unless  input 
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Instead  of  the  above  power  equation,  the  user  also  has  the  option 
of  providing  a  rimpull  characteristic  for  the  truck,  an  example  of  which 
is  given  in  Fig.  49  for  a  Euclid  R-13  Rear  Dump.  Note  that  this  rimpull 
characteristic  implies  a  certain  peak  horsepower  and  drive  train  and 
that  the  above  power  equation  above  is  simply  an  approximate  fit. 


TABLE  27 

COEFFICIENTS  OF  TRACTION49 


Materials 

Rubber  Tires 

Concrete 

0.90 

Clay  loam,  dry 

0.55 

Clay  loam,  wet 

0.45 

Rutted  clay  loam 

0.40 

Dry  sand 

0.20 

Wet  sand 

0.40 

Quarry  pit 

0.65 

Gravel  road  (loose  surface) 

0.36 

Packed  snow 

0.20 

Ice 

0.12 

Firm  earth 

0.55 

Loose  earth 

0.45 

Coal,  stockpiled 

0.45 

The  rolling  resistance  (R  and  R£)  is  determined  using 

e  t 


R 

e 


f  W 
R  e 


(48) 


R 


f 


fR  Wf 


(49) 
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100 


EUCLID  R-13  REAR  DUMP 
DETROIT  DIESEL 


Figure  49.  Example  Truck  Rimpull  Curve 


where  f  is  the  rolling  resistance  factor  taken  as  65  Ib/ton  unless  input 
by  the  user.  Typical  rolling  resistance  factors  for  the  user.  Typical 
rolling  resistance  factors  for  various  ground  conditions  are  given  in 
Table  28. 


TABLE  28 

TYPICAL  ROLLING-RESISTANCE  FACTORS  FOR  RUBBER-TIRED  EQUIPMENT50 


Description  of  Haul  Road 

lb /ton 

Hard,  smooth,  stabilized,  without  penetration 

40 

under  load 

Firm,  smooth,  flexing  slightly  under  load 

! 

65 

Rutted  dirt,  flexing  considerably  under  load 

100 

Rutted  dirt,  no  stabilization,  somewhat  soft 

150 

under  load 

Soft,  rutted  mud  or  sand,  deep  penetration 

200-400 

under  load 

For  trucks  traveling  at  peak  speed,  Eqs.  20  and  21  are  used  to  up¬ 
date  the  dynamics.  Again  if  the  kinetics  option  is  selected,  the  follow¬ 
ing  equations  are  substituted  (for  Eqs.  22  and  23)  to  compute  peak  speeds 
for  the  empty  and  full  conditions 

v  =  375  E-  HP  /R  <  v  (50) 

e  1  v  e  —  m 

vc  =  375  E,  HP  /Rc  <  v  (51) 

f  1  v  f  —  m 

where  HPv  =  rated  net  flywheel  horsepower  of  the  truck  and  vm  =  maximum 
allowed  velocity  (mph) . 
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For  decelerating  trucks,  Eq.  24  through  27  are  used,  but  here  the 
user  need  not  specify  an  average  braking  deceleration.  If  not  provided, 
the  model  assumes  decelerations  equal  accelerations. 

c.  Cost  Information 

Cost  categories  applying  to  subroutine  TRUKHL  include  direct  labor, 
plant  and  equipment,  and  job  materials. 

Typical  labor  types  required  to  operate  the  truck  system  are  listed 
in  Table  26  under  cost  information.  Those  associated  specifically  with 
haulage  include  truck  operators  and  dispatchers.  It  can  be  presumed  that 
one  operator  will  be  required  for  each  truck  and  that  at  least  one  dis¬ 
patcher  will  be  required  for  every  2  mi  of  system. 

The  plant  and  equipment  costs  associated  with  TRUKHL  is  the  owner¬ 
ship  cost  of  the  truck  units.  Table  24  and  Fig.  50  provide  representative 
capital  costs  (excluding  taxes,  investment  and  major  overhead)  for  esti¬ 
mating  purposes.  If  one  selects  to  depreciate  costs  on  a  per  hour  basis 
(see  Table  26),  the  life  of  a  unit  can  be  taken  conservatively  at  15,000 
hr. 


The  only  job  material  costs  computed  in  subroutine  TRUKHL  are 
haulage  power  costs.  The  model  assumes  that  energy  consumed  during 
periods  of  deceleration  is  negligible  compared  to  accelerating  or  peak 
velocity  consumption.  The  model  does  take  into  account,  though,  the 
difference  between  accelerating  and  peak  velocity  consumption  for  both 
full  and  empty  trucks. 

Power  costs  are  computed  using  Eq.  30  through  34  with  the  exception 
that  the  fuel  consumption  rate,  Fc>  is  taken  at  0.06  gal/hp-hr,  and 
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Figure  50.  Truck  Vehicle  Cost 


G  =  W 
e  e 


Gc  =  W  +  1.35  V 
re  c 

in  Eqs.  31  and  32,  where  W  and  V  are  as  defined  in  the  previous 
^  ’  e  c 

section. 

3.  Subroutine  TRUKEX 

Subroutine  TRUKEX' s  main  function  is  to  add  trucks  to  the  system 
in  order  to  maintain  haulage  rates  as  the  length  of  a  tunnel  increases. 
The  algorithm  for  truck  addition  is  identical  to  that  used  in  subroutine 
RAILEX  for  train  insertion  which  is  described  in  Sec.  IV-B-3-b. 

Subroutine  TRUKEX  can  also  be  used  to  simulate  truck  roadway 
preparation.  In  most  practical  cases,  this  probably  entails  the  laying 
of  a  coarse  aggregate  (ballast)  layer  of  material  to  help  stabilize  and 
provide  a  well-graded  roadway;  but  if  high  wheel  loads  or  speeds  must 
be  sustained,  it  could  also  include  the  addition  of  an  asphalt  (or  other 
binder)  as  a  surface  layer. 

The  algorithm  which  models  roadbed  preparation  is  similar  to  that 
used  in  subroutine  RAILEX  for  track  laying.  The  user  provides  a  road 
extension  rate,  and,  if  the  excavation  process  is  continuous,  he  also 

provides  a  maximum  permitted  excavator  runaway  tolerance  (item  15, 

Table  26). 

For  cyclic  excavation,  the  length  of  available  roadway  is  updated 
by  the  heading  advance  for  the  round,  AX^ ,  and  the  time  to  accomplish 
this,  Atg,  is  computed  by  Eq.  37. 
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For  continuous  processes  the  roadbed  extension  area,  S,  which  is 
equivalent  to  the  track-laying  area  in  Fig.  47,  is  updated  for  each 
time  interval  by 

S  =  Sn  +  AX  -  X  At  S  >S>0  (52) 

0  E  e  m  — 

where  At  =  time  interval  (hr) 

AX,,  =  excavator  advance  in  At  (ft) 

E 

X  =  roadbed  extension  rate  (ft/hr) 
e 

Sq  =  roadbed  extension  length  at  beginning  of  interval  (ft) 

S  =  maximum  allowed  excavator  runaway  (ft) 
m 

If  the  value  for  S  is  less  than  zero,  the  roadbed  has  caught  up  to  the 

excavator,  in  which  case  S  is  simply  equated  to  zero  for  that  interval. 

If  the  value  for  S  is  greater  than  Sm  (the  maximum  allowed  separation 

between  the  excavator  and  roadway) ,  the  excavator  is  shut  down  until 

S  <  S  . 
m 

The  appropriate  roadbed  extension  rate,  X  ,  for  a  given  case  can 

e 

depend  on  a  number  of  factors  including:  the  geometry  of  the  tunnel 
(e.g.,  circular  tunnels  generally  require  more  ballast  than  horseshoe 
or  vertical-walled  tunnels) ;  the  degree  of  preparation  required  to 
provide  a  firm  and  stable  roadway  (this,  in  turn,  depends  on  the  subgrade 
soil  conditions  and  water  inflow  rates — which  can  vary  with  the  tunnel 
length — as  well  as  the  truck  speeds  and  wheel  loads  that  must  be  sus¬ 
tained)  ;  and  the  size  of  the  crew  engaged  in  roadbed  preparation;  the 
equipment  used.  Adequate  preparation  may  cause  relatively  low  average 
preparation  rates,  but  in  turn  will  result  in  a  roadbed  capable  of 
supporting  high  speeds  and  wheel  loads.  On  the  other  hand,  minimal  pre¬ 
paration  may  increase  preparation  rates  but  lower  the  speeds  and  wheel 
loads  that  can  be  sustained. 
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The  relationship  between  tunnel  road  extension  rate,  allowed  truck 
speed,  and  wheel  loads  for  various  degrees  of  roadway  preparation,  and 
tunnel  subsoil  and  hydrological  conditions  is  not  presently  available. 

To  establish  an  approximation  lower  bound,  the  following  equation,  used 
in  roadway  construction,  will  give  to  estimate  rates  of  laying  gravel 
surfaces.  This  equation  assumes  a  crew  of  3  men  working  with  truck 
spreaders  and  roller  equipment  and  therefore  should  be  used  with  caution. 

X  =  500/ (W  •  t  )  (ft/hr)  (53) 

e  s  s 

where  W  =  width  of  surface  (ft) 
s 

t  =  average  thickness  of  surface  (ft) 

The  cost  categories  associated  with  subroutine  TRUKEX  are  plant 

and  equipment  and  direct  labor.  Plant  and  equipment  cost  (see  Table  26) 

is  the  cost  of  road  materials  prorated  on  a  dollar  per  foot  basis.  For 

3 

coarse  aggregate,  one  can  use  a  $3. 50/yd  unit  cost  for  estimating 
50 

purposes . 

Direct  labor  is  the  cost  of  the  "bull  gang"  assigned  to  work  on 
the  roadway  (see  Table  25) .  This  should  include  both  the  men  at  the 
face  as  well  as  those  that  handle  ballast  materials,  etc.,  at  a  stock¬ 
pile  at  the  portal  or  shaft  area. 

4.  Subroutine  TRUKDS 

Subroutine  TRUKDS  unloads  muck  from  trucks  which  have  passed  into 
the  discharge  area. 

The  user  specifies  the  maximum  number  of  trucks  allowed  in  the 
discharge  area  at  one  time,  the  time  it  takes  to  unload  one  truck,  and 
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the  maximum  allowed  speed  of  a  truck  entering  and  leaving  the  area 
(Item  17d,  Table  26) 


The  subroutine  accepts  a  truck  for  unloading  only  if  there  is  room 
available.  If  there  is  no  room,  the  trucks  are  put  into  a  queue  for 
future  unloading.  Once  accepted  a  truck  is  unloaded  by  summing  the  time 
intervals  (each  time  the  subroutine  is  called)  until  the  unloading  time 
is  equaled  or  exceeded.  The  truck  is  then  released  and  continues  back 
to  the  tunnel  face  area. 

5.  Subroutine  TRUKMT 

Subroutine  TRUKMT  accounts  for  truck  maintenance  periods.  The 
user  provides  either  a  unit  truck  availability  or  down  time  per  mainte¬ 
nance,  the  time  between  maintenance  periods,  and  the  number  of  trucks 
allowed  in  maintenance  at  one  time  (item  16d,  Table  26).  Typical  avail¬ 
ability  factors  for  truck  hauling  units  as  a  function  of  anticipated  life 
are  given  in  Table  29.  These  values  can  be  considered  adequate  for  esti¬ 
mating  purposes,  assuming  good  preventive  maintenance  practices, 

"average"  operating  conditions,  and  operation  for  50%  or  less  of  any 
24-hr  period. 


The  subroutine  accepts  trucks  for  maintenance  if  there  is  room  in 
the  maintenance  area.  If  there  is  no  room  the  truck  is  allowed  to  con¬ 
tinue  haulage  until  room  becomes  available. 

Once  accepted,  a  train  is  taken  out  of  the  system  for  a  period 
equal  to  the  down  time  specified  directly  as  a  user  input  or  calculated 
using  the  availability  and  time  between  maintenance  periods  specified. 
For  each  truck  in  maintenance,  a  counter  sums  the  intervals  each  time 
the  subroutine  is  called,  until  maintenance  is  completed.  The  truck  is 
then  released  and  continues  back  to  the  face  area. 


TABLE  29 

AVAILABILITIES  OF  TRUCK  HAULING  UNITS 


Years  of  anticipated  life  j 

1 

2 

3 

4  |  5 

_ 1 _ 

6 

Types  of  unit 

*  ! 

Average  availability,  percent 

Rear  dumps . 

Bottom  dumps,  side  dumps.. 
Rocker-type  dumpers . 

90 

92 

88 

89 

90 
86 

88 

89 

83 

86 

88 

80 

84 

86 

78 

83  | 
86 

78 

Factors  such  as  severe  operating  conditions,  multishift 
operations  and  unsatisfactory  preventive  maintenance 
practices  can  reduce  machine  availability  by  as  much  as 
20  percent  below  the  levels  considered  "average."  Similarly, 
favorable  conditions  may  increase  first  year  values  by  as 
much  as  5  percent  and  can  show  an  increasing  advantage  over 
average  conditions  and  subsequent  years. 


Costs  associated  with  TRUKMT  include  plant  and 
maintenance  shop;  job  materials  for  tires,  and  minor 
repair  (prorated  per  maintenance  period);  and  direct 
tenance  crew  including  foreman  and  mechanics.  These 
user  inputs  in  Table  26. 


equipment  for  the 
servicing  and 
labor  for  the  main- 
are  provided  for  as 


Typical  costs  for  tires  and  repairs  over  a  2100-hr  period  (typical 
life  of  a  tire)  can  be  estimated  using  the  equation  (taken  from  Ref.  47) 

Cost  of  tires  and  minor  repairs  ($)  =  740  •  (V  -  4)  +  350  (V  -  5.5) 

c  c 

3 

where  =  truck  capacity  (yd  ) . 

D.  MAIN-LINE  CONVEYOR  SYSTEMS 

1 .  Introduction 

The  use  of  troughed-belt  conveyors  for  main-line  transport  is  a 
relatively  now  and  novel  concept.  Although  conveyors  have  been  used  for 
many  years  to  transport  bulk  earth  materials  in  the  mining  and  construc¬ 
tion  materials  industries,  they  have  had  somewhat  limited  application  in 
long  haul  transport  for  tunneling.  The  advantage  they  offer  of  uninter¬ 
rupted  flow  of  materials  for  the  entire  length  of  the  system,  while 
operating,  is  countered  by  their  disadvantages,  which  include:  system 
extension  problems — as  the  length  of  tunnel  increases,  the  conveyor 
supporting  structure  and  belt  must  be  extended  and  the  belt  spliced. 

This  results  in  delays  and  interruptions  in  flow.  In  addition,  conveyor 
systems  cannot  generally  handle  the  inbound  flow  of  construction 
materials  and  transportation  of  personnel,  but  must  be  supplemented  by 
some  form  of  unitized  transport  system.  They  are  also  limited  in  the 
range  of  muck  characteristics  that  can  be  handled.  Excluded  materials 
include:  large  size  fragments,  extremely  abrasive  and  angular  materials 
which  can  cause  excessive  belt  wear  and  damage;  and  wet-running  or 


* 

Troughed-belt  conveyors  (see  Fig.  51)  consist  of  a  heavy  duty  belt 
forming  a  continuous  longitudinal  trough  that  facilitates  the  transport 
of  granular  bulk  materials.  The  depth  and  angle  (20°  to  45°)  of  this 
trough  is  determined  by  the  troughing  idlers  on  which  the  belt  rides. 
Trough  belt  conveyors  are  most  suited  to,  and  most  commonly  employed 
for  transport  of  bulk  materials  and  therefore  have  received  exclusive 
emphasis  here. 
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sticky  materials.  Also,  the  availability  of  belt  conveyors  is  generally 
less  compared  to  such  systems  as  trains  or  trucks  that  are  inherently 
more  rugged  (i.e.,  belts  or  rollers  are  particularly  vulnerable  and  may 
require  frequent  replacement  and  maintenance  under  the  strenuous  condi¬ 
tions  often  found  in  tunneling  operations). 

Nonetheless,  recent  advances  in  technology  have  enhanced  the  capa¬ 
bilities  of  belt-conveyor  systems.  Belt  speeds  and  widths  are  increasing 
(as  high  as  1200  fpm  and  120  in.)  resulting  in  corresponding  increases 
in  the  capacity  or  tonnage  rates  that  can  be  handled.  These  increases 
can  be  attributed  to  advances  in  the  quality  of  belt  materials,  as  well 
as  the  durability  of  belts,  idlers,  and  other  components.  Also,  with 
the  advent  of  new  mechanical  belt  splice  techniques,  which  require  con¬ 
siderably  less  time  to  install  than  the  old  vulcanized  splice,  belt 
splicing  delays  have  become  Jess  of  a  limiting  factor.  Finally,  develop¬ 
ments  in  related  systems  and  components  such  as  portable  crushers, 
screens,  etc.,  have  also  been  instrumental  in  making  belt  conveyor  sys¬ 
tems  more  versatile  and  adaptable  to  heavy  construction.  The  activities 
associated  with  the  belt-conveyor  process,  including  subroutine  names 
used  in  the  model,  are  summarized  in  Table  30.  Also  the  input  specifi¬ 
cation  sheet  including  performance  and  cost  information  is  given  in 
Table  31.  Subsequent  sections  discuss  these  activities  and  inputs  in 
depth. 


TABLE  30 

MAIN-LINE  CONVEYOR  TRANSPORT  ACTIVITIES 


Subroutine  TRNPRT 

Muck  transport 

Subroutine  EXTNSN 

System  extension 


Subroutine  SURGE 

Accumulates  and  discharges  muck  from  surge  bin 

Subroutine  BELT 

Maintenance  and  repair 


2.  Subroutine  TRNPRT 

a.  Function 

The  function  of  subroutine  TRNPRT  is  to  transport  muck  continuously 
from  a  loading  point  in  the  near-face  zone  to  a  discharge  point  in  the 
portal  or  shaft  area. 

Besides  performance  and  cost  parameters,  inputs  to  the  subroutine 
include:  the  time  increment,  the  position  of  the  face,  the  length  of 

available  conveyor,  and  the  volume  rate  of  muck  loaded  at  the  face 
during  the  time  increment.  The  major  output  is  the  cost  of  power 
required  to  transport  muck  for  the  time  interval. 

Figure  51  presents  the  conveyor  system  configuration  modeled.  The 
total  system  is  comprised  of  several  separate  conveyor  units  called 
flights.  The  length  of  a  flight  is  generally  determined  by  either  avail¬ 
able  power  or  belt  tension  limitations. 
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TABLE  31 

MAIN-LINE  CONVEYOR  PERFORMANCE  PARAMETERS  AND  INPUT  SPECIFICATIONS 


Conveyor  Information 

1.  Belt  apeed  (ft/min) _ _ 

2.  Belt  width  (In.) _ 

2 

3.  Muck  flow  cross  section  (ft  ) _ 

4.  Length  of  a  flight  (ft) _ _ 

* 

5.  Power  per  unit  length  (hp/ft)  _ _ 

6.  In  lieu  of  item  (1-5) 

(a)  Estimated  peak  tonnage  rsto  (tons/hr) _ 

(b)  Maximum  allowed  cross  section  for 

conveyor  (ft^) _ _ _  , 

7.  Surge  bin  capacity  -  if  any  (ft^) 

8.  Maintenance  parameters 

(a)  Availability  of  conveyor  (X) 

(h)  In  lieu  of  (8-a)  down  time  per  maintenance 
period  (hr) _ 

(c)  Time  between  maintenance  periods  (days) _ 

Conveyor  Extension 

9.  Conveyor  structure  extension  rate  (ft/hr) _ 

10.  Time  required  for  belt  splice  (hr) _ 

11.  For  continuous  excavator  and/or  loading  processes 

(a)  Maximum  length  of  feeder  loader  (ft) _ 

(b)  Ib  length  of  feeder  constant  or  iB  feeder 

extensible?  _ _ 

(c)  For  continuous  excavators  -  maximum  allowed 

*  runaway  between  machine  and  conveyor 

structure  (ft) _ 

12.  For  cyclic  excavation  and/or  loading  processes 

(a)  Maximum  allowed  distance  between  face  and 

operational  conveyor  (ft) _ 

(h)  Minimum  allowed  distance  from  face  and 

conveyor  structure  (ft) _ 

(i.e.,  for  blasting  or  mucking) 
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TABLE  31  (cont.) 

MAIN-LINE  CONVEYOR  PERFORMANCE  PARAMETERS  AND  INPUT  SPECIFICATIONS 


1 .  Plant  &  Eqn  1  pincnt 


Item 

Ownership 
Cost  Per 

)  (Rental 

1  Hr  Ft 
{(check  one) 

Unusual  E 
Coot  Per 

'evelopraental 
|  Hr  |  Ft 
(check  one) 

MAJOR  ITEMS : 

Supporting  Structure 
Transfer  Equipment 
Idler  &  Return 
Rollers 

Drive  Equipment 
(Motors,  Pulleys, 
etc.) 

Wiring  and  Controls 
Belt 

ADDITIONAL  ITEMS: 

1 

1 

1 

i 

■ 

n 

% 

2.  Job  Materials 


Item 

Cost 

Lifetime 

Value 

Unit 

Value 

Unit 

MAJOR  ITEMS: 

Power:  Electric 

$/kW/hr 

Servicing  and  repairs 

$ 

.. 

_ 

(per  maintenance) 

ADDITIONAL  ITEMS: 

S/ft 

3.  Direct  Labor 


Labor  Type 

Number 

Required/Shi  ft 

Rate 

$/hr 

MAJOR  TYPES: 

Operator 

Bull  Gang 

Foreman 

Laborer 

Electricians 

Maintenance 

Foreman 

Mechanics 

Electricians 

ADDITIONAL  TYPE'S: 

4.  Permanent  Materials 


Cost 


1  tern 

Val  ue 

Unit  ' 

(None  Required) 

- - , - 
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A  typical  flight  includes  several  basic  components:  a  drive  sys¬ 
tem,  usually  consisting  of  one  or  more  motors,  speed  reducer,  control 
system  and  head  pulley,  which  provides  the  motive  power  for  the  belt;  a 
support  structure  including  idler  rollers  spaced  at  regular  intervals 
that  support  the  loaded  belt  and  shape  it  into  a  trough  configuration; 
return  rollers,  also  spaced  at  regular  intervals,  to  support  the  empty 
belt  during  its  return  cycle;  a  take-up  arrangement  to  insure  proper  belt 
tensions  at  loading  and  other  points,  and  also  to  prevent  slippage  at  the 
drive  pulley;  transfer  equipment  including  chutes,  skirtboards,  etc., 
used  to  insure  a  smooth  transition  of  materials  from  one  flight  to 
another;  and  the  belt  itself  usually  composed  of  plies  or  layers  of 
fabric,  bound  together  by  a  friction  and/or  skim  coat  of  rubber. 

b.  Performance  Model 

To  use  subroutine  TRNPRT,  the  user  must  specify  the  general  con¬ 
figuration  and  performance  characteristics  of  the  conveyor.  This  can  be 
done  in  one  of  two  ways:  (1)  he  can  specify  the  characteristics  directly 
by  providing  inputs  to  items  1-5  in  Table  31;  or  (2)  he  can  select  item  6 
in  which  case,  the  program  will  determine  the  appropriate  characteristics 
If  the  latter  option  is  selected,  a  design  segment  of  the  program  is 
executed  the  first  time  TRNPRT  is  called. 

The  procedure  and  equations  used  in  this  design  segment  are  based 

* 

on  the  following  general  assumptions: 

1.  The  conveyor  is  used  only  for  horizontal  transport. 

2.  The  material  transported  has  the  following  general  charac- 

** 

teristics : 


The  procedure  outlined  simplifies  the  conveyor  design  problem  consider¬ 
ably.  Nevertheless,  the  intention  is  to  provide  a  first-order  estimate 
of  the  requirements  for  which  the  procedure  is  felt  to  be  adequate. 

Approximate  values  for  broken  granite. 
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(a)  Bulk  density  —  100  lb/ft^ 

(b)  Angle  of  surcharge — 25° 

(c)  Maximum  lump  size:  6  in.  and  over 

(d)  Very  abrasive  and  sharp 

3.  Length  of  a  flight  is  determined  by  tension  limitations  for 
a  mechanical  splice  in  a  RMA-70  fabric  belt  carcass. 

4.  Standard  conveyor  sizes  and  equipment  are  assumed.  Also 
each  flight  is  assumed  to  contain  the  types  of  equipment 
shovm  in  Fig.  51b,  which  include." 

(a)  Troughing  idlers  having  three  equal  rollers  at  20° 
troughing  angle  with  6  in.  O.D.  and  1  1/4  in.  shaft 

(b)  A  bare  drive  pulley  that  is  snubbed  with  a  220°  wrap 
angle 

(c)  An  automatic  vertical  gravity  take-up 

(d)  Belt  widths  greater  than  18  in.  with  a  carcass  material 
equivalent  to  a  RMA-70  fabric  and  mechanical  splices 

Belt  speeds  (v^)  required  to  meet  the  user  input  peak  tonnage  rates 
can  be  calculated  using 

(ft/min)  (54) 

where  =  user  estimated  peak  tonnage  rate  (ton/hr) 

Ps 

—  =  bulk  density  of  the  muck  (in  situ  density  over  swell 

K  3 

factor)  taken  as  100  lb/ft 

2 

A^  =  muck  flow  cross  section  of  the  belt  (ft  ) 

For  the  case  of  three  equal  roller  idlers  with  a  20°  troughing  angle,  and 
materials  with  an  angle  of  surcharge  equal  to  25°,  the  muck  flow  cross 
section,  A^ ,  is  related  to  the  belt  width  (w^  in  inches)  by^ 


v.  =  33.3  W  / 

u  p 
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(55) 


*b  ■  {m)  (°'1247  “b2  ■  °-8245  “b + 1-311)  <fc2> 


Substitution  of  Eq.  55  into  Eq.  54,  with  p  /K  =  100  lb/ft  ,  yields 

s 


vfa  =  48  W  /  |o. 1247  wb2  -  0.8245  wfa  +  1.31l)  (ft/min)  (56) 


Equation  56  relates  the  belt  speed  to  the  belt  width  for  a  given  peak 
tonnage  rate. 

In  the  United  States,  conveyor  belt  manufacturers  make  the  follow¬ 
ing  standard  sizes:  14,  16,  18,  20,  24,  30,  36,  42,  48,  54,  60,  66,  and 
72  in.'’'*'  The  minimum  blet  width  required  for  a  given  application  is 
determined  by  the  lump  size  of  the  muck  to  be  handled.  Belts  less  than 
18  in.  in  width  cannot  easily  handle  lump  sizes  exceeding  6  in.  There¬ 
fore  the  14  in.  and  16  in.  belt  widths  are  excluded  here. 

Corresponding  to  these  belt  widths  are  certain  maximum  recommended 
belt  speeds  that  depend,  among  other  things,  on  the  properties  of  the 
material  to  be  conveyed.  Recommended  speeds  for  heavy,  hard,  sharp 
edged,  coarse  materials  (those  expected  in  hard  rock  applications)  are 
given  in  Table  32. 


205 


TABLE  32 

RECOMMENDED  MAXIMUM  BELT  SPEEDS  FOR  VARIOUS  BELT  WIDTHS 
(HEAVY,  SHARP-EDGED  MATERIALS) 


Belt  Width 

Wb  (in.) 

Belt  Speed 

v,  (ft/min) 
b 

18 

300 

20 

350 

24 

400 

30 

450 

36 

500 

42 

550 

48 

600 

54 

600 

60 

600 

72 

600 

The  design  algorithm  in  the  program  initially  selects  the  smallest 

standard  belt  width,  then  solves  Eq.  56  for  vb>  Next,  it  checks  the 

speeds  (Table  32)  to  see  if  the  maximum  allowed  speed  is  less  than  or 

greater  than  this  computed  speed.  If  it  is  less,  the  initially  selected 

belt  width  is  not  adequate,  in  which  case  a  larger  belt  width  is  tried 

until  one  is  found  where  v,  maximum  >  v,  computed.  In  this  way  the  mini- 

b  —  b 

mum  belt  width  that  can  support  the  estimated  peak  tonnage  within  the 
recommended  speed  is  found. 

Another  constraint  to  be  satisfied,  though,  is  the  maximum  allowed 

cross-section  area  of  the  conveyor  specified  by  th'2  user.  Assuming 

standard  equipment  and  support  structure,  conveyor  cross  sections  (A  ) 

47 

for  various  belt  widths  can  be  approximated  by 

Ac  =  10.84  +  0.357  wfc  -  0.00203  wfa2  +  0.000414  wfe2  <  Acm  (ft2)  (57) 

Substituting  the  belt  wijth  determined  above,  A£  is  computed  using  Eq.  57 
and  checked  to  see  if  it  exceeds  the  maximum  user-specified  cross  sec- 
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tion,  A^.  If  it  does,  a  flag  is  printed  indicating  a  conveyor  design 
cannot  be  found  for  the  cross  section  and  estimated  peak  tonnage  rate 
input.  The  run  is  then  terminated. 

If  a  belt  width  and  speed  that  meets  the  tonnage  rate  and  cross- 
section  requirements  can  be  found,  the  program  then  estimates  idler 
roller  and  return  roller  spacings  (A±  and  £  ,  respectively  in  Fig.  51). 
The  best  spacing  for  idlers  depends  upon  the  weight  of  the  belt  plus  the 
weight  of  the  material  load,  and  also  on  the  catenary  sag  of  the  belt 
between  the  idlers.  As  a  first  estimate,  Table  33  gives,  as  a  function 
of  belt  width,  troughing  idler  spacings  used  in  general  engineering 
practice  when  the  amount  of  catenary  belt  sag  is  not  specifically  limited, 
and  the  material  handled  weighs  approximately  100  lb/ft^.  Table  33  also 
provides  return  roller  spacing  recommended  for  general  belt  conveyor 
work. 


TABLE  33 

SUGGESTED  NORMAL  SPACING  OF  BELT  IDLERS51 


Belt  Width 
wfe  (in.) 

Troughing  Idlers,  £ 

(ft)  1 

Return  Idlers, 

£  (ft) 
r 

18 

5.0 

10.0 

20 

4.5 

10.0 

24 

4.0 

10.0 

30 

4.0 

10.0 

36 

4.0 

10.0 

42 

3.5 

10.0 

48 

3.5 

10.0 

54 

3.5 

10.0 

60 

3.0 

10.0 

66 

3.0 

8.0 

72 

3.0 

8.0 
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The  length  of  a  flight,  Lf,  is  determined  next.  This  is  done  on 

* 

the  assumption  that  belt  tension  at  a  mechanical  splice,  for  a  RMA  70 
fabric  belt  carcass,  cannot  exceed  a  certain  amount. 

For  the  conveyor  geometry  shown  in  Fig.  51,  the  maximum  belt 
tension  (T  )  occurs  at  the  loaded  side  of  the  drive  pulley  and  can  be 
calculated  using 

Tm  =  Te  (1  +  V  (lb)  (58) 


where 


=  wrap  factor  equal  to  0.62  for  a  snubbed  bare  drive  pulley, 
with  a  220°  wrap  angle  and  automatic  takeup 


Tg  =  total  effective  belt  tension  required  to  move  the  belt, 
i.e.,  the  difference  between  the  tight  side  tension  and 
slack  side  tension  at  the  drive  pulley  (lb) 

The  effective  belt  tension  can  be  computed  using"51 


T 

e 


K  IK  +  K  q,  +  0.015 
t  \  x  y  b 


+  VA 


+  F 


AC 


(lb)  (59) 


where  =  ambient  temperature  factor  which  can  be  taken  equal  to  one 

for  temperatures  greater  than  30°F 

=  force,  in  pounds  per  foot  of  conveyor  to  rotate  the  idle 
and  return  rollers,  and  to  cover  the  sliding  resistance 
of  the  belt  on  the  rollers  (given  below) 

Ky  =  force,  in  pounds  per  foot  of  length,  to  flex  the  conveyor 
belt  and  load  over  idlers  (giver,  below) 


Rubber  Manufacturers  Association  rating  meaning  70  lb/in.  width  per 
ply. 
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1 


qb  =  weight  of  belt  in  pounds  per  foot  of  length  (see  Table  34) 

fac  =  additional  allowance  for  accessories  (i.e.,  skirtboard 

friction,  non-driving  pulleys,  drive  pulley  friction,  etc.) 
taken  here  as  500  lb. 


is  calculated  using 


51 


K 

x 


0.00068 


qb  +  100  ^ 


(lb/ft) 


(60) 


where,  for  a  known  belt  width,  ^  is  given  by  Eq.  55,  &r  by  Table  33, 
and  q^  by  Table  34.  (Equation  60  assumes  100  lb/ft^  transported  material, 
and  6  in.  diameter  1  1/4  in.  shaft  idler  rollers.) 


TABLE  34 

GENERAL  CONVEYOR  BELT  CHARACTERISTIC 
USED  IN  THE  MODEL51 


Belt  Width 
wti  (in.) 

Belt  Weight 
qb  (lb/ft) 

Number  of  Plies 
(RMA-70  -  20°  Trough  Angle) 

18 

4.0 

3 

20 

4.5 

4 

24 

5.7 

5 

30 

7.2 

6 

36 

9.6 

7 

42 

11.5 

8 

48 

14.2 

9 

54 

16.9 

10 

60 

19.4 

12 

66 

21.8 

12 

72 

24.3 

12 
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As  a  first  approximation  one  can  assume  flight  lengths  of  the 

order  of  2500  ft;  for  which  K  ~  0.02  lb/ft.  Actually  K  is  a  function 

y  y 

of  the  flight  length,  and  also  the  applied  belt  and  material  loads. 
Approximate  values  for  the  loads  and  flight  lengths  of  most  interest  are 
provided  in  Table  35. 


TABLE  35 

FACTOR  Ky  VALUES51 

(For  combined  material  and  belt  loads  —200  lb/ft) 


Lf 

(ft) 

K 

(lb/ft) 

800 

0.035 

1000 

0.032 

1400 

0.030 

2000 

0.024 

2500 

0.020 

3000 

0.019 

800  ft 

Ky  ~  0.035  lb/ft 

3000  ft 

K  ~  0.018  lb/ft 

With  the  above  substitutions,  Eq.  59  now  becomes 


T 

e 


0.00068 


+  100  A, 


+  0.035  qb  +  0.02  A^ 


+  500 
(lb) 


(61) 


and  Eq.  58  becomes 

T  =  1.62  T  (lb) 

m  e 


(62) 
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As  mentioned  earlier,  the  maximum  belt  tension,  T  ,  is  limited  to 

’  m’ 

the  tension  load  that  a  mechanical  splice  in  an  RMA-70  can  achieve.  The 
rating  for  such  a  splice  is  given  in  Ref.  51  at  55  lb/in.  of  width  per 
ply.  Therefore, 

T  =  55  N  w,  (lb)  (63) 

m  p  b 

where  N  =  number  of  plies 
P 

w^  =  belt  width  (lb) 

For  a  given  belt  width,  the  number  of  plies  required  is  determined 
by  the  combined  muck  and  belt  loads  and  also  by  troughability  require¬ 
ments.  Approximate  values  are  giv.  n,  as  a  function  of  belt  width,  in 
Table  35  for  the  conditions  assumed  here. 

Combining  Eqs.  61,  62,  and  63  and  solving  for  the  flight  length, 
L^,  one  obtains 


L 


f 


55  N  w, 

.  P.  b 


1.62  X 


500 

X 


(ft) 


(64) 


where 


X  = 


0.00068 


qb  +  100 


s)*¥ 


(lb/ft)  (65) 


Equations  64  and  65,  together  with  Tables  33  and  35  are  used  in  the  model 
to  establish  the  flight  length,  given  the  belt  width  computed  previously. 

Once  the  characteristics  of  the  conveyor  are  established  (either 
by  user  input  or  by  the  above  design  algorithm)  subroutine  TRNPRT  accepts 
a  muck  volume  rate,  from  the  loader  and  for  a  given  time  interval 
performs  the  following  calculations  and  checks:  the  required  tonnage 
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capacity  necessary  to  support  the  loader  (W^)  is  calculated  and  compared 

to  the  conveyor's  available  peak  tonnage  capacity  (W  ).  That  is 

P 

^"(lioo)  \  Ps/K  (ton/hr)  (66) 

Wp  =  (2600)  Vb  Ps/K  (ton/hr)  <67> 

3 

loaded  volume  rate  for  the  time  interval  (ft  /hr) 

3 

in  situ  density  of  muck  (fbs/ft  ) 

swell  factor  taken  as  1.7  unless  input 

2 

muck  flow  cross  section  (ft  ) 
belt  speed  (fpm) 


where  Q  = 

L 


•  • 

If  wp  =  WR  •  the  conveyor  is  just  able  to  handle  the  loading  rate. 

•  • 

If  W  >  W ,  additional  conveyor  capacity  is  available.  In  this 

P  K 

case  if  a  surge  bin  is  provided  in  the  system  and  muck  is  stored  in  it 
from  previous  time  cycles,  the  program  will  call  subroutine  SURGE  (Sec.  II-D4) 
and  a  quantity  of  muck  equal  to  the  additional  conveyor  capacity;  i.e., 


AW 


At 


(tons) 


(68) 


will  be  discharged  from  the  bin. 

•  ■ 

If  W  <  W  ,  the  conveyor  cannot  handle  the  loading  rate.  In  this 
p  K 

case,  if  no  surge  bin  is  provided,  the  loader  (and  excavator  for  contin¬ 
uous  processes)  will  be  shut  down  for  the  next  time  increment.  If  a 
surge  bin  is  provided  and  is  not  filled,  the  excess  muck,  computed  as 

•  • 

AW  =  (W  -  W  )  At  (tons)  (69) 

K  p 

will  be  discharged  into  the  bin. 
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c.  Cost  Information 

Cost  categories  applying  to  subroutine  TRNPRT  include  direct  labor 
and  job  materials. 

Direct  labor  includes  operators  to  start  up  and  shut  down  the 
system,  and  to  keep  an  eye  on  it,  to  make  sure  it  is  running  properly. 

The  cost  of  this  labor  is  provided  for  in  Table  31  as  a  user  input. 

The  only  job  material  costs  computed  in  TRNPRT  are  conveyor  power 
costs.  For  a  given  time  interval  these  are  computed  from 

Power  Cost  =  (0.746)  HP  •  C  •  At/p  ($)  (70) 

t  P 

where  At  =  time  interval  (hr) 

p  =  motor  and  reduction  equipment  efficiency  taken  as  0.76 
=  power  cost  rate  taken  as  0.02  $/kW-hr  unless  input 

HP^  »  total  power  consumption  of  the  conveyor,  determined  as 
follows  (hp) 

If  the  user  inputs  the  conveyor  characteristics,  he  can  also  input 
the  horsepower  required  per  foot  of  conveyor  (item  5,  Table  31).  In 
this  case  the  total  power  consumption  is  computed  as 

HP  =  HP  •  L  (hp)  (71) 

t  c 

where  HP  =  input  power  per  foot  of  conveyor  (hp) 

=  total  length  of  available  conveyor  (ft) 

If  he  selects  not  to  input  HP,  the  program  then  calculates  the  total 
power  requirements  using  the  CEMA  horsepower  formula  from  Ref.  51  .  This 
formula  is  based  on  the  simple  equation  from  engineering  mechanics  where, 
for  one  conveyor  flight, 
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T  v, 

up  —  ,e, .  J3 

”  f  33,000 


(hp) 


(72) 


where  T  =  the  total  effective  tension  required  to  move  the  belt 
e 

given  by  Eq.  59  (lb) 

v,  =  belt  speed  (ft/min) 
b 

If  one  uses  the  same  assumptions  regarding  the  factors  K  ,  K  ,  and 

L  X 

F  that  were  discussed  in  the  previous  section,  but  now  allows  K  to 
AC  y 

vary  according  to  the  conveyor  length  (Table  34) ,  Eq.  59  for  Tg  reduces  to 


T  =  L, 
e  f 


0.00068  (qb  +  100  +  (k^  +  0.015  ) 


(73) 


+  K  +  500 


(lb) 


where,  for  a  given  belt  width,  qb  is  given  by  Table  34,  Ah  by  Eq .  55, 
and  by  Table  33;  and  for  a  given  conveyor  length  is  given  by 
Table  35. 


We  combine  Eqs.  72  and  73  and  assume  the  total  conveyor  is  composed 
of  Nf  flights  of  length  L^,  plus  a  segment  in  the  near-face  zone  which 
is  not  yet  a  full  flight  in  length.  The  power  for  the  total  system  can 
now  be  computed  from 


Nfv. 

up  _  f  P 

t  33,000 


+  KylLfAb  +  550 


lLc  -  NfLf) 
33,000 


[x  +  VAb) 


550  h, 

33,000 


(74) 


where  A  =  0.00068  |qb  +  100  Ah  )  +  +  +  .015  )  qb 


K  .  =  value  for  L,.  from  Table  35 

yl  f 

K  „  =>  value  for  L  -  NCLC  from  Table  35 
y2  c  f  f 


(75) 
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3. 


Subroutine  EXTNSN 


a.  Function  and  Scope 

Subroutine  EXTNSN  extends  the  conveyor  system  accounting  for  exten¬ 
sion  of  the  supporting  structure,  and  the  conveyor  belt,  including  splices. 

Besides  conveyor  performance  and  cost  parameters,  inputs  to  the 
program  include  the  time  increment,  position  of  the  face;  the  face  ad¬ 
vance  during  the  last  time  step;  the  length  of  operational  conveyor;  and 
length  of  conveyor  structure  installed  beyond  the  last  bell  splice.  For 
a  given  time  interval,  outputs  include  updated  length  of  operational 
conveyor  and  conveyor  structure;  as  well  as  plant  and  equipment  and 
direct  labor  cost. 

Typical  extension  geometries  modeled  are  shown  in  Fig.  52.  The 
first  two  cases  illustrated  apply  to  continuous  excavation  processes 
where  the  conveyor  structure  is  assembled  in  a  nearly  continuous  manner  as 
excavation  proceeds.  The  last  applies  to  cyclic  excavation  processes 
such  as  drill  and  blast  where  the  conveyor  structure  is  assembled  in 
cycles . 

Continuous  excavation  processes  employ  a  mobile  feeder  conveyor 
attached  to  and  moving  with  the  excavator.  This  feeder  conveyor,  either 
extensible  (Fig.  52b)  or  constant  in  length  (Fig.  52a),  would  permit 
uninterrupted  muck  loading.  The  feeder  mechanism  would  consist  of  a 
belt  conveyor  mounted  on  a  structural  framework.  This  framework  would 
straddle  the  completed  main-line  conveyor  and  move  along  on  wheels  with 
the  excavator.  The  feeder  conveyor  would  take  the  muck  from  the  excava¬ 
tor  and  feed  it  onto  the  completed  main  line  conveyor  belt  through  a 
transfer  chute.  The  feeder  conveyor  could  also  be  offset  from  and  feed 
the  conveyor  through  a  cross-feed  conveyor  or  chute.  In  either  case, 
the  mobile  feeder  conveyor  would  be  of  sufficient  length  to  allow  work¬ 
ing  space  and  time  for  installation  of  additional  segments  of  conveyor 


structure  (i  ) ,  assembled  directly  in  the  near  face  area  or  inserted  as 
s 

preassembled  units,  while  excavation  remains  in  progress.  When  the 
length  of  the  new  conveyor  structure  equals  the  feeder  length,  excava¬ 
tion  and  muck  loading  would  have  to  be  stopped  to  permit  the  splicing 
of  an  additional  length  of  belt  onto  the  existing  one.  As  can  be  seen, 
this  extension  technique  allows  a  continuous  face  advance  but  also  re¬ 
quires  a  continuous  construction  effort  to  extend  the  conveyor  structure. 
Nevertheless,  the  process  is  not  completely  continuous  since  a  complete 
shutdown  is  still  necessary  for  belt  splices. 

In  modeling  continuous  excavation,  an  interesting  feature  of 
subroutine  EXTNSN  is  that  it  accounts  for  the  interaction  between  the 
excavation  and  conveyor  extension  operations .  For  example  if  the  exca¬ 
vator  advance  rate  exceeds  the  conveyor  structure  extension  rate,  over 
a  period  of  time  the  excavator  will  run  away  from  the  conveyor  work.  To 
prevent  this  the  user  may  input  a  runaway  tolerance  (i.e.,  a  maximum 

tolerated  value  of  S  In  Fig.  52)  which  if  exceeded  will  cause  excavation 

* 

to  shut  down  until  the  conveyor  structure  can  catch  up.  One  can  see 
how  the  utilization  of  the  excavation  system  (Fig.  14)  would  be  adversely 
affected  if  this  should  occur  frequently.  Indeed  this  would  Indicate 
that  quicker  conveyor  extension  methods  must  be  developed. 

Although  not  shown  directly  in  Fig.  52,  continuous  excavation 
processes  with  cyclic  extension  could  also  be  modeled.  Such  a  procedure 
is  presently  being  used  in  the  experimental  program  sponsored  by  the 
Copper  Range  Company  in  White  Pine,  Michigan.  It  can  be 


If  the  excavator  advance  rate  is  less  than  the  conveyor  extension  rate 
such  that,  over  a  period  of  time,  S  (Fig.  52)  should  go  to  zero,  the 
conveyor  extension  rate  would  simply  be  set  equal  to  the  excavator  rate 
until  such  time  as  S  becomes  greater  than  zero. 

The  White  Pine  research  program  includes  a  boring  machine  with  a 
300-ft  feeder  conveyor,  and  a  36-in.  belt  main-line  conveyor.  The 
tunnel  bored  is  18  ft  in  diameter. 
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illustrated  using  Fig.  52a.  Initially  the  excavation  would  begin  with 

the  feeder  conveyor  a  distance  Z^  along  the  available  conveyor  (i.e., 

Z.  =  Z  ,  Z  =  0,  S  =  0  in  Fig.  52a).  Excavation  would  then  proceed  but 
f  as 

not  conveyor  extension. 

0* 

When  the  length  of  the  available  conveyor  ahead  of  the  feeder 

becomes  zero  (Z  =  0)  ,  excavation  would  cease  completely,  and  conveyor 
a 

extension  would  commence  until  a  new  conveyor  segment  and  belt  splice 
is  completed  (i.e.,  Z  =  £  again).  Because  this  procedure  is  cyclic, 

L  ci 

the  time  advantage  of  parallel  excavation  and  extension  is  lost. 

If  the  excavation  process  is  drill  and  blast,  the  model  also  allows 
the  conveyor  structure  to  be  advanced  in  cycles,  but  with  the  structure 
advance  equal  to  the  heading  advance  for  the  given  round.  In  this  case, 
a  minimum  distance  of  the  structure  from  the  face  is  maintained  for 
blasting  (Smin  in  Fig.  52c).  Also,  if  the  user-specified  maximum 
permitted  distance  of  the  face  from  the  available  conveyor  (smax)  is 
exceeded,  a  belt  splice  is  made  and  a  new  conveyor  segment  becomes  avail¬ 
able  for  loading. 

b.  Performance  Model 

The  major  parameters  defining  conveyor  extension  performance  in 
EXTNSN  are  the  conveyor  structure  extension  rate,  and  the  time  required 
for  a  belt  splice. 

The  conveyor  structure  extension  rate,  X^,  depends  on  a  number  of 
factors  including  the  characteristics  of  the  conveyor  and  supporting 
structure;  how  the  structure  itself  is  supported  (i.e.,  floor,  wall,  or 
roof);  the  assembly  technique  employed  (i.e.,  whether  the  framing  Tiembers 
and  rollers  are  assembled  and  installed  directly  in  the  near-face  zone, 
or  inserted  as  a  preassembled  unit) ;  the  size  of  the  assembly  crew;  and 
acceptable  levels  on  misalignments  and  other  similar  considerations  that 
might  impact  on  belt  speed,  belt  wear,  and  general  maintenance.  Presently, 

i 

no  generalized  guidelines  are  available. 
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Also  the  time  required  for  a  belt  splice  will  depend  on  the  type 
of  splice  (mechanical  or  vulcanized) ,  the  width  and  thickness  of  the 

•ff 

belt,  etc.  Experience  at  the  Copper  Range  Mine  indicates  a  time  of  the 
order  of  2  hours  for  a  36-in. -wide  belt  using  a  mechanical  splice. 

As  discussed  previously,  conveyor  structure  extension  is  either 
cyclic  or  continuous  (Fig.  52)  depending  upon  the  nature  of  the  excava¬ 
tion  process  and  system  extension  technique  employed.  For  cyclic  opera¬ 
tions,  the  length  of  added  structure  is  taken  equal  to  the  heading 
advance  for  the  round  and  the  time  for  structure  extension  computed  as 

At  =  AX  /X 
e  re 

where  AXf  =  length  of  round  (ft) 

Xg  -  average  structure  extension  rate  (ft/hr) 

The  program  is  then  executed  for  successive  time  intervals 

exceeded,  at  which  time  the  conveyor  structure  length  (l  ) 

s 

AX  .  That  is, 
r  ’ 

£s  =  <Vo  +  (ft) 

In  the  case  of  continuous  processes,  the  conveyor  structure  com¬ 
pleted  beyond  the  last  belt  splice;  the  available  conveyor  ahead  of  the 
feeder  (for  constant  length  feeders  only — see  Fig.  52a);  the  length  of 
the  feeder  (for  extensible  feeders  only — see  Fig.  52b) ;  and  the  distance 
between  the  conveyor  structure  and  the  excavator  (?,,£,£,,  and  S, 

S3! 

respectively  in  Fig.  52)  are  updated  using 

l  =  (l  )n  +  X  At  (ft) 

s  s  0  e 


until  At  is 
e 

is  updated  by 


See  second  footnote  two  pages  earlier. 
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i  =(£)_-  AX_  (constant  length  feeder  only)  (ft) 

3.  3  0  E 

H =  (£  K  +  AX  (extensible  feeder  only)  (ft) 

f  f  U  E 

S  =  £r  -  SL  -  l  S>S>0 

f  s  a  m  —  — 

where  At  =  time  interval  (hr) 

AX„  =  excavator  advance  in  At  (ft) 

E 

X^  =  conveyor  structure  extension  rate  (ft/hr) 

S  =  maximum  tolerated  excavator  runaway  (ft) 
m 

and  (£  )_,  (5-  )~,  (JL)~  =  values  of  the  respective  parameter  at  beginning 
s  0  a  0  t  (J 

of  interval. 

If  the  value  of  S  is  less  than  zero  (i.e.,  a  case  where  the  conveyor 

structure  has  caught  up  to  the  excavator) ,  then  S  is  simply  equated  to 

zero  for  that  interval  and  £  is  readjusted  to  equal  the  excavator 

s 

advance  for  the  interval;  or 

■  <Vo  +  “e 

If  the  value  of  S  is  greater  than  S  (i.e.,  the  excavator  is  running 

m 

away  from  the  conveyor) ,  excavation  is  shut  down  for  the  succeeding  time 

intervals  until  S  <  S  . 

m 

Once  the  above  parameters  have  been  updated,  the  program  checks  to 
see  if  a  belt  splice  is  required.  The  criterion  that  determines  this 
depends  on  the  configuration  modeled.  For  cyclic  processes  (Fig.  52c) 
a  splice  is  needed  if 

i  >  S  -  S  . 
s  —  max  min 
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for  continuous  processes  with  a  constant  length  feeder  (Fig.  52a)  if 

£  <  0 

a  — 


and  for  continuous  processes  with  an  extensible  feeder  (Fig.  52b)  if 


£,  >  £, 

f  —  fm 


where  S  =  user  input  maximum  distance  between  face  and  available 
max 

conveyor  (cyclic  processes  only) (ft) 

S  =  user  input  minimum  distance  between  face  and  conveyor 
min 

structure  (cyclic  processes  only)  (ft) 

£^  =  user  input  maximum  extended  feeder  length  (extensible 

feeder  case  only)  (ft) 


If  a  belt  splice  is  required,  the  conveyor  system  will  be  shut  down, 
but  excavation  and/or  loading  will  continue  if  the  user  has  provided  a 
surge  bin  (see  Sec.  IV-D-4)  and  it  is  not  filled  at  that  time.  If  no 
surge  I  in  has  been  provided,  or  the  available  surge  bin  has  been  filled 
(or  be.  oraes  filled  during  splicing) ,  excavation  or  loading  will  also 
cease  during  belt  splicing. 


In  any  case,  once  the  conveyor  is  shut  down  for  splicing,  a  period 
of  time  will  elapse  to  allow  the  conveyor  structure  to  catch  up  to  the 
excavator,  and  also  to  make  the  splice.  This  time  is  computed  by 


At 

e 


-  *0/Xo  + 
s  e 


At 


bs 


(hr) 


where  At,  =  user  input  time  to  make  a  belt  splice  (hr) . 
bs 
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The  program  maintains  a  counter  which  sums  the  intervals  each  time 

EXTNSN  is  called  until  At  is  exceeded. 

e 


c.  Cost  Information 

The  cost  categories  applying  to  subroutine  EXTNSN  are  plant  and 
equipment  and  direct  labor. 


Plant  and  equipment  are  the  ownership  costs  of  the  conveyor 
including  supporting  structure,  idler  and  return  rollers,  the  conveyor 
belt,  transfer  equipment,  drive  equipment,  etc.  The  user  can  input 
these  costs,  prerated  on  a  per  foot  basis  (see  Table  31),  if  he  selects 
to  input  his  own  conveyor  characteristics,  i.e.,  items  1-5  in  Table  31. 

If  he  selects  the  design  option,  item  6  in  Table  31  (see  subroutine 
TRNSPRT) ,  he  can  exercise  the  design  segment  of  the  program  independently 
and  then  provide  costs  to  the  model  based  on  the  conveyor  characteris¬ 
tics  determined.  As  an  aid,  the  following  equations  (taken  from  Ref.  47) 

•k 

may  help  serve  as  a  guideline. 


BELT  COST  =  (0.027  +  0.015  w  )  wb/2 

0.8064 

END  EQUIPMENT  =246  — - 

Lf 


($/ft) 

($/ft) 


IDLER  ROLLERS  = 


RETURN  ROLLERS  = 


2.12  +  0.885(wb 
10.6  +  0.505  w. 

D 


200  W, 


c 


SUPPORTING  STRUCTURE  =  0.20  wfa 


($/ft) 

($/ft) 

($/ft) 


These  represent  initial  capital  investment  costs  (1970),  and  do  not 
include  an  allowance  for  interest,  insurance,  taxes,  major  overhauls, 
and  repairs,  etc. 
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where  the  parameters  are  as  defined  in  the  previous  section.  Direct 
labor  is  the  cost  of  labor  required  to  erect  the  conveyor.  This  may 
include  laborers,  electricians,  etc.,  and  is  provided  as  user  inputs  in 
Table  31. 

4.  Subroutine  SURGE 

Subroutine  SURGE  accumulates  and  discharges  muck  to  and  from  a 
surge  bin.  If  the  user  desires  a  surge  bin  in  the  conveyor  system,  he 
simply  inputs  its  volume  capacity  under  item  7  in  Table  31. 

The  program  has  two  entry  points:  one  for  muck  addition,  and  one 
for  muck  removal.  It  accepts  the  incremental  volume  to  be  added  or  dis¬ 
charged  from  the  calling  program,  and  keeps  track  of  the  amount  of  muck 
in  the  bin  at  any  given  time.  It  also  checks  to  see  if  this  amount  ex¬ 
ceeds  the  bin  capacity.  If  so,  the  subroutine  returns  a  flag  indicating 
the  bin  is  full  to  the  calling  program.  This  in  turn  causes  the  lor der 
(and  excavator  in  the  case  of  continuous  processes)  to  be  turned  off  on 
the  next  time  increment. 

5.  Subroutine  BELT 

Subroutine  BELT  accounts  for  conveyor  repair  and  maintenance 
periods.  The  user  provides  either  the  availability  of  the  conveyor  or 
the  average  down  time  per  maintenance  period,  and  also  the  time  between 
maintenance  periods  (item  8,  Table  31). 

During  maintenance,  excavating  and  loading  activities  are  stopped, 
and  a  counter  sums  the  intervals  each  time  the  subroutine  is  called,  until 
the  down  time  for  maintenance  is  completed. 

Costs  associated  with  subroutine  BELT  include  job  materials  for 
minor  servicing  and  repair  (prorated  per  maintenance  period)  and  the 
direct  labor  for  the  maintenance  crew.  These  are  provided  for  as  user 
inputs  in  Table  31. 
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E.  FACE  TO  MAIN-LINE  TRANSPORT 

1.  Machine  Loaders  and  Shovels 


a.  Introduction 

Loaders  and  shovels  (i.e.,  mucking  machines)  are  used  in  conven¬ 
tional  drill  and  blast  excavation  to  pick  up  broken  rock  at  the  face  of 
the  tunnel  and  load  it  onto  a  long  haul  materials  handling  system 
such  as  trucks  or  trains.  They  are  used  only  for  mucking  and  must  be 
moved  back  and  forth  away  from  the  face  during  other  operations  of  the 
drill  and  blast  cycle. 

Mucking  machines  are  available  in  a  variety  of  sizes  and  capacities 
Table  36  presents  representative  data  on  the  horsepower,  dimensions,  and 
capacities  of  machines  presently  available.  In  smaller  tunnels  up  to 
20  ft,  the  overshot  loader  is  used  almost  exclusively.  The  over¬ 
shot  loader  (e.g.,  EIMCO  631,  etc.)  which  can  be  either  air,  diesel  or 
electric  powered,  is  a  very  compact  unit  and  is  either  rail,  crawler 
track,  or  rubber  tire  mounted.  It  loads  by  crowding  a  bucket  into  the 
muck  pile,  shoveling  it  up,  and  throwing  it  back  over  the  rear  of  the 
machine.  It  is  designed  to  swing  in  a  radius  of  approximately  120°  and 
is  extremely  maneuverable  and  fast  loading.  The  material  thrown  over 
the  back  of  the  unit  is  generally  loaded  either  onto  a  conveyor  belt  or 
into  a  transfer  unit,  which  could  be  a  belt  or  a  scraper,  and  then  into 
rail  or  rubber-tired  cars. 

A  unit  slightly  larger  in  capacity  is  the  Conway  electrically 
operated  mucker  (e.g.,  CONWAY  100-1)  which  is  equipped  with  a  tilting 
dipper.  The  unit  crowds  into  the  muck  pile  in  a  manner  similar  to  the 
overshot  loader,  but  by  making  use  of  a  tilting  bucket  which  pivots  on 
the  forward  crowding  boom,  it  dumps  its  load  back  onto  a  pan  which  in 
turn  feeds  onto  a  conveyor  belt.  The  belt  then  carries  material  back, 
up,  and  over  the  mucker  either  into  cars  or  onto  a  conveyor  belt. 
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Information  abstracted  from  reference,  and  catalogues  furnished  by  The  Eimco  Corporation,  and  Atlas  Cop 


Another  type  of  loader  which  has  undergone  considerable  develop¬ 
ment  is  the  scraper  or  grab-type  loader.  This  unit  has  been  used  more 

in  the  European  tunnels  and  on  excavations  in  foreign  countries  than  in 

* 

the  Jnited  States.  A  similar  unit  is  built  by  Wemco  in  the  United 

States.  It  operates  by  scraping  the  material  back  from  the  face  onto  a 

conveyor  belt  or  pan  feeder  by  means  of  grab  arms  which  are  usually 

hydraulically  powered.  A  "duckbill"  loader  made  by  Joy  is  often  used 

in  loading  slabby  material  such  as  shale  or  coal.  This  is  an  electric 

loader  with  an  apron  which  is  crowded  into  the  muck  pile.  Two  arms,  by 

alternate  movements,  rake  the  muck  up  the  apron  onto  a  conveyor  belt. 

Some  units  have  slusher  type  buckets  mounted  on  a  forward  boom  which 

brings  the  scraper  forward,  drops  it  into  place;  and  then  either  by 

47 

cable  or  hydraulic  arms,  scrapes  the  muck  back  onto  the  feeder. 

In  very  large  tunnels  or  underground  excavations,  the  conventional 
swing  type  shovel  is  used.  This  unit  is  adaptable  only  to  large  excava¬ 
tions  and  does  not  have  the  speed  of  operation  of  the  other  type  loaders. 
However,  where  reliability  is  important  and  the  speed  of  loading  is 
secondary,  this  unit  may  have  potential  application. 

The  activities  associated  with  mucking  machines  including  subrou¬ 
tine  names  used  in  the  model,  are  summarized  in  Table  37.  Also  the 
input  specification  sheet  including  performance  and  cost  data  are  given 
in  Table  38. 


Wemco  Division  of  Envirotech  Corporation,  Salt  Lake  City,  Utah. 
Joy  Manufacturing  Company,  Pittsburgh,  Pennsylvania. 


TABLE  37 


SUMMARY  OF  MACHINE  LOADER  OR  SHOVEL  ACTIVITIES 

Subroutine  MUKLOD 
Loads  muck  at  face 

Subroutine  MUKIN 

Moves  muckers  to  face 

Subroutine  MUKOUT 

Moves  muckers  from  face 

Subroutine  MUKMT 

Maintenance  and  repair 

TABLE  38 

MACHINE  LOADER  OR  SHOVEL  PERFORMANCE 
PARAMETERS  AND  INPUT  SPECIFICATIONS 

1.  Average  rucking  rata  (ft^/ht) _ _ 

2.  Tima  to  nova  to  face  end  beck  (hr )_ _ 

J.  For  loading  unltlted  mein  line  ayatana  time 

to  change  from  empty  to  loaded  car  (hr)  _ 

4.  Maintenance  parameter* 

(a)  Unit  availability 

(b)  In  lieu  of  (4-a)  down  time  for 

Mlntenance  cycle  (hr)_ _  _ 

(«)  Time  between  maintenance  perloda  (daya) _ 


Sec  footnote  p. 
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Job  Hater  la  la 


Item 

Lifetime 

Value 

Unit 

Value 

Unit 

MAJOR  ITEMS: 

Servicing  and  Repair 
(par  maintenance 
period) 

t/Melot. 

- 

- 

ADDITIONAL  ITEMS* 

*/*« 

J. 


Direct  Labor 


Labor  Type 


MAJOR  TYPES: 


Number 

Rpqulrcd/Shlf  t 


Rate 

x /hr 


Mucker  Oparator 
Cab  la  Tender 


Miner  on  Face 


Car  Switching 

Mali.tcnanca 

Foreman 

Mechanic 

Electrician 


ADDITIONAL  TYPES: 


Parranert  Materlela 


Item 

|  Coat  j 

Value  1  Onlt 

(Nooa  Required) 
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b.  Subroutine  MUKLOD 

Subroutine  MUKLOD  simulates  the  loading  of  muck  onto  either  a  uni¬ 
tized  or  continuous  main  line  system.  In  addition  to  system  performance 
and  cost  parameters,  inputs  to  the  program  include  the  time  increment; 
the  current  volume  of  muck  in  the  muck  pile  (including  characteristics 
i.e.,  density  and  swell  factor);  and  for  a  unitized  main-line  system 
(trains  or  trucks),  the  unit  capacities  and  the  state  vector  of  units 
available  in  the  loading  queue  area  (see  Fig.  43  and  Sec.  IV-B)  .  In 
addition  to  direct  labor  costs,  outputs  from  the  program  include:  for 
a  unitized  main-line  system,  the  volume  of  muck  loaded  during  the  time 
increment;  an  updated  loading  queue  vector  with  units  available  for 
loading,  and  an  updated  state  vector  for  units  filled  in  the  time  incre¬ 
ment  (i.e.,  if  filled  these  are  released  and  allowed  to  begin  accelerating 
to  the  discharge  area — see  Sec.  IV-B).  For  continuous  main  line  systems, 
outputs  include  the  volume  rate  of  material  loaded  in  the  time  increment. 

The  major  loading  performance  parameters  required  in  subroutine 
MUKLOD  are  the  volume  mucking  rate  of  the  machine  (Q  ) 5  and,  for  unitized 
main  line  systems,  the  time  required  to  switch  a  loaded  unit  (muck  car 
or  truck)  for  an  empty  one.  Unless  input  (see  item  3,  Table  38)  unit 
switching  time  is  taken  at  3  min/unit. 

Mucker  input  rates  can  depend  on  a  number  of  important  factors 
including:  machine  design— e.g.,  bucket  capacity,  loading  cycle  time, 
angle  of  swing,  etc.;  the  shape  of  the  muckpile — e.g.,  the  length  of  the 
throw,  etc.,  impacts  on  machine  movement  and  clean  up  requirements;  the 
characteristics  of  the  muck — e.g.,  cohesiveness,  size  distribution,  etc.; 
operator  proficiency  using  the  machine;  scaling  and  scraping  at  the  face 
required  to  disengage  loose  rocks,  etc.  Manufacturers  of  mucking 
equipment  generally  provide  average  mucking  rate  guidelines  in  their 
catelogues  and  specification  sheets.  (See,  for  example,  Fig.  53  for  the 
CAVO  310  and  511  rubber  wheel  mounted  muckers.)  These  can  be  used  as  an 
aid  in  determining  inputs  to  the  model. 
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I 


l 


Capacity  and  haulage  distance 

The  diagram  shows  the  Cavo  autoloader  capacity  as  a  (unction  of 
transport  distance.  The  curves  indicate  average  values  and  both 
higher  and  lower  values  may  be  obtained  depending  on  the  load¬ 
ing  and  haulage  conditions. 


Figure  53.  Example  of  Manufacturer  Suggested 
Mucking  Rates  for  the  CAVO  310  and 
511  Mucking  Units 


"~.~2 — 
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iSjgSs.  «***“ 


The  major  cost  information  used  in  the  program  is  the  ownership 
cost  of  the  mucking  machine  including  accessories  such  as  cables,  air 
hoses,  compressors,  etc.  ;  and  direct  labor  cost  for  the  mucker  operator, 
cable  tender,  car  switchers,  etc.  These  are  provided  for  in  Table  38 
as  user  inputs. 


The  sequence  of  calculations  followed  in  subroutine  MUKLOD  in 

loading  a  muck  pile,  initially  of  volume  (AQ  )n,  into  a  unitized  main 

line  system  is  as  follows:  over  a  series  of  time  increments,  if  there 

* 

is  an  empty  or  partially  filled  unit  available  for  loading  at  the  face 


AQ 


Q  At 
mr 


AQ. 


uf 


w 


uf 


>  0 


<  w 

uc 


where  At  =  time  interval  (hr) 

•  3 

Qmr  =  mucker  loading  rate  (ft  /hr) 

3 

AQ  =  volume  of  muck  loaded  in  time  interval  (ft  ) 

3 

AQt  =  volume  of  muck  in  pile  at  end  of  interval  (ft  ) 

Q  c  =  total  volume  of  muck  loaded  into  unit  at  the  end  of 
uf  3 

interval  (ft  ) 

Wuf  =  total  weight  of  muck  loaded  into  unit  at  the  end  of 
interval  (tons) 

* 

A  typical  mucking  cycle  may  contain  several  simulation  time  increments. 

If  no  empty  units  are  available,  loading  stops  until  one  moves  into 
the  loading  area. 
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'  __  *  zr.iz  vcloae  ca-csciry 
V  __  »  unit  wz.t2.--~-  capacity  zzzs 
t  *  in  aiou  sunk  dens  lev  ( it  f: 

3 

Z  *  3vell  factor,  assumed  1."  unless  input 

if  during  3  given,  time  increment  10_  <_  0,  the  muck  tile  h= 
^lately  leaded,  end  e  flag  indicating  the  end  cf  mucking  : 
the  subroutine. 


teen  ccn- 


If  0  ,  >  0  or  V  _  >  V  ,  a  sinzie  unit  (muck  car  or  truck)  has 
uf  —  ’uc  ur  —  uc 

been  loaded,  and  must  be  replaced  by  an  empty  one.  In  this  case,  a 
counter  keeps  track  of  the  delay  (3  min  if  not  user  input)  fer  unit 
switching  before  loading  begins  again.  If  the  filled  unit  is  a  truck, 
the  program  then  releases  it.  If  the  unit  is  a  muck  car  in  a  train,  the 
program  waits  until  all  muck  cars  are  filled  before  releasing  the  train. 

For  continuous  main-line  systems  the  program  loads  a  muck  pile 
over  a  series  of  time  increments  using 


0  At 

mr 


AO 


AO 


\h 

‘  ■  H  -? 


(the  smaller  value) 


AQ 


>  0 


Q  *  AO/At 

1j 


where  the  parameters  are  as  defined  above  with  the  addition 

’  3 

-  loading  rate  onto  the  continuous  system  (ft  /hr) 
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c.  Subroutine  MUKIN 

This  subroutine  accounts  for  the  time  required  to  move  the  muckers 
to  a  muck  pile  at  the  face  of  the  tunnel.  Unless  user  input,  this  delay 
is  taken  at  5  min. 

d.  Subroutine  MUKOUT 

This  subroutine  accounts  for  the  time  required  to  move  the  muckers 
away  from  the  face  after  mucking  operations.  Unless  user  input,  this 
delay  in  taken  at  5  min. 

e.  Subroutine  MUKMT 

Subroutine  MUKMT  accounts  for  mucking  machine  maintenance.  The 
user  provides  either  a  unit  availability  or  down  time  per  maintenance, 
and  also  the  time  between  maintenance  periods  (item  4,  Table  38).  He 
also  provides  job  materials  (prorated  per  maintenance)  for  servicing  and 
repairs  and  the  labor  crew  required  (see  cost  information,  Table  38) . 

During  each  maintenance,  a  counter  sums  the  time  intervals  each  time  the 
subroutine  is  called  until  maintenance  is  completed.  The  muckers  are 
then  released  for  loading. 

2.  Integrated  Co aveyor  Loader 

a.  Introduction 

The  loading  equipment  used  with  continuous-type  excavation  machines 
is  usually  designed  as  an  integral  part  of  the  machine.  The  equipment 
consists  of  some  loading  device  at  the  face  of  the  equipment  which  picks 
up  the  broken  rock  and  deposits  it  onto  a  transfer  conveyor.  This  con¬ 
veyor  in  turn  carries  the  rock  through  the  machine  and  loads  it  onto  a  long 
haul  muck  handling  system  at  its  rear.  Such  a  loading  system  normally 
operates  continuously  as  the  excavation  machine  advances. 

For  a  boring  machine,  the  loading  device  at  the  face  generally 
falls  into  three  categories:  a  rotary  bucket  elevator,  a  chain  bucket 
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elevator,  or  a  scraper  or  hole-type  loader.  The  most  commonly  used  is 
the  rotary  bucket  elevator  which  is  attached  to  the  boring  head  and 
rotates  with  the  bits.  These  elevator  buckets  are  rigidly  attached  to 
the  head  and  scrape  up  the  material  from  the  bottom  and  sides  of  the 
tunnel  as  the  head  rotates,  carrying  it  to  the  top  where  they  are  inverted 
and  deposit  their  load  onto  the  transfer  conveyor. 

A  second  type  of  bucket  elevator  is  the  chain-bucket  type  (also 
used  on  continuous  miners  in  the  coal  industry) .  These  units  have  the 
capability  of  cleaning  a  flat  surface  on  the  bottom  of  the  tunnel  as  it 
is  required  for  the  bottom  of  a  horseshoe  tunnel.  The  buckets  move  from 
side  to  side  against  the  heading,  and  carry  the  material  to  the  top  side 
of  the  boring  machine  by  a  chain  driven  on  a  sprocket  and  geaT  arrange¬ 
ment.  They  then  are  inverted  and  dump  their  material  onto  a  transfer 
conveyor . 

The  third  type  of  loader  used  with  the  mechanical  moles  has  been 
developed  in  the  European  countries  where  the  multiple  head  boring 
machine  is  used.  This  unit  usually  consists  of  several  rotary  heads 
driven  by  independent  motors.  The  entire  configuration  is  normally 
mounted  on  a  central  shaft  and  is  rotated  at  a  slower  rate  than  the 
cutter  heads  in  such  a  manner  as  to  cover  the  entire  face  desired  for 
excavation.  With  this  type  of  unit,  a  scraper  or  hoe-type  loader  is 
sometimes  applied.  This  unit  consists  of  hydraulically  operated  scrapers 
or  hoes  which  pull  the  muck  back  from  the  face  and  deposit  it  onto  the 
transfer  conveyor. 

The  transfer  conveyor  is  usually  a  troughed-belt  conveyor  which 
transports  the  muck  through  the  machine  and  onto  another  conveyor  section 
which  has  been  designed  to  load  the  main-line  system.  This  last  conveyor 
section  would  be  configured  to  accommodate  the  specific  main  line  system 
type  (i.e.,  see  the  feeder  conveyor  used  for  continuous  main  line  systems 
in  Fig.  52,  Sec.  IV-D;  and  also  the  train-loading  conveyor  configuration 
for  the  Layout  Tunnel  in  Vol.  II. 
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The  activities  associated  with  the  integrated  conveyor  loader 
including  subroutine  names  are: 

1.  Subroutine  CVLOAD 

Loads  main  line  muck  handling  system 

2.  Subroutine  CVLMT 

Maintenance  and  repair 

The  input  specification  sheet  including  performance  and  cost  data  are 
given  in  Table  39. 

b.  Subroutine  CVLOAD 

Subroutine  CVLOAD  loads  muck  obtained  from  a  continuous  excavator 
onto  the  main  line  system.  Inputs  to  the  program  include  the  simulation 
time  increment,  the  volume  of  muck  excavated  in  that  time  (including 
characteristics — i.e. ,  density  and  swell  factor);  and,  for  a  unitized 
main  line  system  (trains  or  trucks)  the  unit  capacities  and  the  state 
vector  of  units  available  in  the  loading  queue  area.  For  unitized  main 
line  systems  the  outputs  include:  volume  of  muck  loaded  in  the  time 
increment;  an  updated  loading  queue  vector  with  units  available  for 
loading;  and  an  updated  state  vector  for  units  filled  in  the  time  incre¬ 
ment  (i.e.,  if  filled  these  are  released  and  allowed  to  begin  accelerat¬ 
ing  to  the  discharge  area- -see  Sec.  IV-B  and  IV-C) .  For  continuous  main 
line  systems,  outputs  include  the  volume  rate  of  material  loaded  in  the 
time  increment. 

The  loading  parameters  defining  the  peak  mucking  rate  of  the  con¬ 
veyor  loader  in  tons  per  hour  can  be  input  directly  using  item  3, 

Table  39;  or  the  muck  flow  cross  section  (A^  in  square  feet)  and  speed 
of  the  conveyor  belt  (v^  in  feet  per  minute)  can  be  input  (items  1  and  2) 
in  which  case  the  peak  mucking  rate  is  computed  using 

W  =  /  60  U  y  (ton/hr) 

mr  ^  2000 )  *b  b  \  K  / 
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TABLE  39 


+3* 

15 


INTEGRATED-CONVEYOR  LOADER  PERFORMANCE  PARAMETERS 
AND  INPUT  SPECIFICATIONS 

I.  Muck  flow  croae  eactlon  (ft*) _ _ 

J.  lelt  epeed  (ft/nln)  _____ 

3.  Id  lieu  of  (I  and  2) 

Maxiaim  sucking  retc  (top/hr) 

4*  KaiPtaaanca  peranetare 

(•)  Bolt  availability _ _ 

(b)  In  llau  of  (4-e)  down  tlae  per 

aeiutcnaoce  cycle  (hr) _ ______ 

(c)  Tlaa  between  ■elotenenee  period#  (daya) _ 


1.  Plant  i  Equipment 


2.  Job  Meteriela 


Xtm 

4M 

Value 

it 

Unit 

Life 

Value 

tlaa 

Unit 

MAJOR  ITEMS! 

Servicing  and  Repair 

ADDITIONAL  ITEMS  1 

l/Maint. 

- 

- 

Direct  labor 


Lebor  Type 

Number 

Re<jv'rcd/Shlft 

Rate 

$/hr 

MAJOR  TYPES: 

Operetor 

Maintenance 

Foreman 

Mechanic a 
Kleetrlclena 

ADDITIONAL  TYPES: 

1 

Permanent  Meterlals 

Item 

Co 

Value 

at  , 

1  Unit  ■ 

(Mona  Required) 
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3 

where  p  •=  in  situ  density  of  muck  (Ib/ft  ) 
s 

K  =  swell  factor,  assumed  1.7  unless  input 
The  volume  mucking  rate  is  also  computed  using 

V  ‘  2000  (\)  V  <lt3'hr> 

if  W  is  input,  or 
mr  v  ’ 

V  ' 60  Vb  (tt3/hr) 

if  and  v,  are  input. 


The  computational  sequence  followed  in  subroutine  CVLOAD  for 
loading  unitized  main  line  systems  is  as  follows:  the  volume  rate  (Q) 
and  tonnage  rate  (W)  cf  muck  to  be  loaded  in  the  time  increment  is  com¬ 
puted  as 


Q  = 


AQE/At 


<  Q 

—  mir 


(ft3/hr) 


W  = 


<  w 

—  mr 


(ton/hr) 


where  the  parameters  are  as  defined  above,  but  including 
At  =  time  increment  (hr) 

3 

AQ^  =  excavated  bulk  volume  in  At  (ft  ) 

•  •  •  • 

IfQ>Q».  or  W  >  W  ,  the  loading  rate  of  the  conveyor  has  been 
mr  mr 

exceeded  and  the  excavator  must  be  turned  off  during  the  next  time  incre- 
ment;  otherwise  the  muck  is  loaded  into  the  available  unit  using 
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Xi 


>;/ 


uf 


u< 


3  cf  the  unit  filled  at  the  end  :f  the 

3r<'.<rr  vaj 


tvuJ  weight  capacity  of  unit  filled  at  end  of  the  int 
V*J  (lO.'iHj 


er- 


voJu&e  capacity  of  unit  (ft'') 


V  * 


w«Jk,bt  capacity  of  unit  (tons)’ 


uJ  ^ur  Jr  ^uf  ^  ^uc  un^  bas  been  loaded  and  is  therefore 
nr|,'",!H  "JI"W,"K  *«•  to  proceed  back  to  the  discharge  area. 

in  loading. continuous  main  line  processes,  subroutine  CVLOAD  simply 
luil-a  Hint  <1  ^  nr  that  W  (i.e.,  that  the  capacity  of  the 

irnnaf..,  conveyor  in  not  exceeded)  and,  If  so,  it  sets 


whom  </(  In  l  he  vo  I  nine  rate  loaded  onto  the  main  line  system.  If  the 

1 1  y  la  exro.ded,  the  excavator  Is  turned  off  the  next  time  increment. 

Ntihrntil  I  ne  CVI.MT 

(’V,‘MT  '“•counts  for  integrated  loader  maintenance  and 
"-pal,  per  I od a .  The  user  provides  a  unit  availability  or  down  time  per 
ma | hi enanee ,  and  also  the  time  between  maintenance  periods  (item  4, 


'•’or  W„e  ™P*cltloa  of  a  single  truck  unit  or  a  single  train 

"ul1,  ,n  ,lH’  train  cane,  all  cars  are  included. 
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Table  39) .  He  also  provides  the  job  material  costs  (prorated  per 
maintenance)  for  servicing  and  repairs,  and  the  labor  required  (see 
cost  information,  Table  39) . 

If  a  maintenance  or  repair  period  occurs,  excavation  is  shut  down 
and  a  counter  sums  the  intervals  each  time  this  program  is  called  until 
the  down  period  if  equaled  or  exceeded.  Excavation  and  loading  is  then 
allowed  to  resume. 


V. 


OTHER  EXCAVATION  ELEMENTS 


A.  GROUND  SUPPORT  AND  TUNNEL  LINING 

The  purpose  of  primary  ground  support  is  to  preserve  and  maintain 
the  stability  of  the  tunnel  opening  and  reduce  the  hazard  of  falling  rock 
during  excavation.  Secondary  lining  may  be  installed  following  this 
primary  support  for  a  number  of  reasons: 

•  To  reinforce  the  primary  support  which  may  weaken  with  time 
or  be  subject  to  greater  stress  as  the  rock  load  gradually 
shifts 

•  To  add  strength  to  the  tunnel,  in  the  case  of  military  use, 
to  withstand  nuclear  burst  shock  effects  and  increase  the 
hardness  of  the  tunnel 

•  To  add  desirable  geometric  and  surface  characteristics  to 

a  tunnel  (e.g. ,  smooth,  circular  tunnels  for  water  transport) 

•  To  protect  the  primary  support  from  rust  and  deterioration 

•  To  control  water  seepage  in  the  finished  tunnel 

The  design  of  both  primary  support  and  secondary  lining  has  some 
root  in  theory.  There  is,  however,  a  limited  understanding  of  the 
behavior  of  the  rock  medium  surrounding  the  tunnel,  and  all  theoretically 
derived  design  rules  have  been  modified  and  influenced  by  intuition  and 
experience  to  a  degree  where  experience  and  sound  engineering  judgment 
are  prerequisites  to  achieving  a  satisfactory  design. 

While  better  methods  of  designing  tunnel  support  are  clearly 
desirable,  they  can  be  achieved  only  by  a  better  understanding  of  the 
behavior  of  the  support  system  and  the  surrounding  medium.  Although  sig¬ 
nificant  progress  is  being  made  along  these  lines  there  is  still  a  long 
way  to  go  before  a  truly  analytical  system  for  designing  support  and 
lining  is  developed.  This  is  particularly  true  of  designing  support  and 
lining  for  military  tunnels  where  dynamic  loading  must  also  be  considered  . 
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We  have  confined  our  modeling  of  ground  support  to  a  comparatively 
simply  approach  but  one  which  we  believe  provides  to  the  overall  excava¬ 
tion  model  a  reasonable  representation  of  ground-support  selection,  design, 
and  installation  and  one  which  will  allow  valid  comparison  between  differ¬ 
ent  excavation  systems  without  ignoring  the  support  requirements. 

Three  common  types  of  primary  support  are  considered  in  the  present 
model— steel  rib  sets,  rock  bolts,  and  shotcrete— although  the  method  of 
modeling  the  selection  and  installation  of  these  can  easily  be  used  to 
model  other  types  of  support  as  well.  Figure  54  illustrates  the  geometry 
of  ground  support  used  by  the  model  for  these  three  techniques. 

The  basis  of  ground-support  design  which  is  used  by  the  model  is 
Design  of  Tunnel  Liners  and  Support  Systems  ,  by  D.  V.  Deere  et  al . 

Table  40  below  is  a  summary  of  Deere's  support  recommendations  for  tunnels 
in  rock.  The  reader  should  refer  to  the  original  and  subsequent  publica¬ 
tions  for  a  complete  discussion  of  the  origin  simplifying  assumptions 

53  54 

and  limitations  of  this  table.  ’ 


The  user  input  to  the  computer  simulation  for  ground  support  is 
listed  in  Table  41.  The  example  primary  support  selection  table,  item  5 
within  Table  41,  shows  the  kind  of  information  which  causes  the  ground 
support  system  to  respond  to  changes  in  geology  as  the  tunneling  proceeds. 
At  the  beginning  of  each  time  step  of  the  simulation  a  selection  of 
ground  support  type  and  amount  is  made  based  on  this  table.  Then  the 
following  status  checks  are  made: 

#  If  (x  -  X  )  >  AL,  rock  fragmentation  is  suspended  to  allow 

§S  u 

ground— support  installation  to  catch  up 

#  If  (X  -  X  )  <  TL,  ground-support  installation  is  suspended 
because  of  its  interference  with  excavation 

#  If  TL  <  (X  -  X  )  <_  AL,  ground-support  installation  proceeds 
at  a  rate  set  by  user  input 


240 


flOCKflOLTTS 


4> 


fd 

4->  V 
CO 

•r-  CO 

cr 

<U  X 
X  I 
X 


fd 

u  c 
<u 


CO  fd 


+J  T? 

14-  C  4- 

3  X- 


#» 

o  o 

4-> 

i-  a. 

4-> 

V- 

cr  O- 

14- 

o 

3 

o 

+->  in 

• 

o. 

4-> 

ra 

<U 

3 

4- 

-C  T3 

u 

CO 

+->  C 

fd 

* 

3 

14- 

r— 

x 

- - 

0J 

4-> 

4->  i- 

O 

c 

cr 

<4-  O' 

4-> 

c 

c 

- - 

3 

<u 

*4— 

r— 

r— 

<u  O 

fd 

U 

4-> 

-o 

r— 

c  c 

X^ 

<U 

0) 

ra  o 

o 

r— 

c 

-4J 

D 

r— 

c 

CO  4-> 

fd 

3 

•r-  ra 

E 

4-> 

4-> 

T3  r— 

O 

on 

r— 

X- 

c 

"O 

4->  ra 

14- 

•r- 

<D 

CO  +-> 

4^ 

aj  co 

r— 

4-> 

X- 

CO  G 

(1) 

co 

o 

o  ■— 1 

C 

fd 

o 

1 —  * — ' 

• 

C 

r— 

CL 

o 

c 

3 

3 

•r- 

■M 

O 

to 

• 

4-> 

4-> 

c 

..  a; 

4- 

#* 

T? 

3 

x:  o 

CO 

<D 

j— 

4->  ra 

#* 

to 

4-> 

fd 

0J 

Cr<4_ 

cr 

0) 

fd 

4-> 

r— 

c 

c 

c 

> 

X- 

X) 

aj  >— 

•r— 

-X 

fd 

o 

fd 

r—  0) 

O 

o 

u 

a 

Z 

c 

fd 

•r— 

X 

o 

<u  c 

D 

X 

0) 

E 

r— 

U  3 

CO 

4-> 

O 

r— 

C  +J 

14- 

X- 

fd 

0) 

X 

<U 

O 

4- 

1-  <u 

•r- 

4-> 

E 

0)  -C 

X- 

<D 

x 

x 

3 

<4-  +J 

X- 

4-> 

4-> 

E 

i- 

1— 

u 

cr. 

cr 

0)  E 

<u 

4-> 

c 

c 

X 

4->  O 

aj 

O 

<u 

<u 

fd 

C  i. 

4J 

X 

•“ 

E 

•r-  4- 

CO 

to 

II 

II 

II 

II 

II 

II 

X 

to 

—l 

_J 

Q. 

n: 

cr 

< 

1— 

CO 

H- 

X 


Figure  54.  Ground  Support  Geometry 
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TABLE  41 

GROUND-SUPPORT  PERFORMANCE  PARAMETERS  AND  INPUT  SPECIFICATIONS 


Steel  Ribs 


TABLE  41  (Cont.) 

GROUND-SUPPORT  PERFORMANCE  PARAMETERS  AND  INPUT  SPECIFICATIONS 

1.  Plant  &  Equipment 


Item 

Ownership 
Cost  Per 

(Rental) 

Hr  |  Ft 
(check  one) 

Unusual  De 
Cost  Per 

velopm 

Hr 

(chec 

:ntal 

Ft 

<.  one) 

MAJOR  ITEMS: 

Rock  Bolt  Drills 
Shotcrete  Plant 

ADDITIONAL  ITEMS: 

2.  Job  Materials 


Item 

Cost  i 

Lifetime 

Value 

Unit 

Value 

Unit 

MAJOR  ITEMS: 

Servicing  and  Re¬ 
pairs 

(per  maintenance) 

ADDITIONAL  ITEMS: 

_ -  — 1 

- - 

— 

3.  Direct  Labor 


Labor  Type 

Number 

Reauired/Shif t 

Rate 

$/hr 

MAJOR  TYPES: 

Installation  Crew 

ADDITIONAL  TYPES: 

4.  Permanent  Materials 


Cost 


Item 

Value 

Unit 

Steel 

$ 

lb 

Shotcrete 

$ 

yd3 
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1. 


Rock  Bolts 


The  assumptions  that  are  made  to  enable  modeling  of  rock  bolt 
support  are: 

Rock  bolts  uniformly  cover  the  circular  arch  of  the  tunnel 
roof 

Bolt  diameter  equals  1  In. 

Bolt  length  equals  one-third  the  tunnel  diameter 

Bolt  spacing  is  determined  by  the  input  table  for  the 
applicable  IIQD 


Fig. 


If  the  assumed  pattern  of  rock  bolt  installation  is  that  shown  in 
55,  the  number  of  bolts  per  foot  of  tunnel  length  is: 


Bolts/Foot  of  Tunnel  Length  = 


7TD/ 2 _ 

I  Bolt  \ 2 
0.866\Spacingj 


Assuming  that  the  bolt  composition  is  AISI-SAE  1020  steel  (or  of 
similar  density),  the  weight  of  steel  in  each  rock  bolt  is 


W  =  0.284'iD 


(lb) 


which  may  be  uaed  to  calculate  the  steel  costs. 

2.  Shotcrete 

The  assumptions  that  are  made  to  enable  shotcrete  support  modeling 

are: 

•  Shotcrete  is  applied  to  an  average  thickness  specified  by 
the  input  table  for  the  applicable  RQD  over  the  crown  or 
crown  and  sides  of  a  circular  tunnel 

•  For  an  RQD  between  25  and  50,  rock  bolts  at  5  ft  centers 
must  be  installed  in  addition  to  the  shotcrete  to  provide 
adequate  support 


Figure  55.  Assumed  Rock  Bolt  Spacing  Pattern 
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The  volume  of  shotcrete  used  (yd  )  per  foot  of  tunnel  length  is: 


crown  only,  V 


1/324 


crown 


-(2)  H  (TH)' 

and  sides,  V  =  ^TII^ / 324 


where  D  =  tunnel  diameter  (ft) 

TH  =  shotcrete  thickness  (in.) 


3.  Steel  Ribs 

The  assumptions  for  steel  rib  design  and  installation  are: 

.  Capacity  of  rib  is  according  to  Proctor  and  White,  Rock 

ss 

Tunneling  with  Steel  Supports 
.  Continuous  rib  design  with  circular  arch  is  used 

The  rock  load  per  foot  of  tunnel  width  on  a  rib  is 


LOAD  =  k  D(SP)pD 
R 


where  LOAD  =  rock  load  (lb/ft) 

D  =  tunnel  width  or  diameter  (ft) 

SP  =  rib  set  spacing  (ft) 

3 

PR  =  rock  weight  density  (lb/ft  ) 
k  =  rock  quality  factor  from  Table  42 


When  the  rock  load  in  pounds  per  foot  of  tunnel  width  is  known,  it 
is  possible  to  determine  the  weight  of  steel  rib  that  is  necessary  for 
ground  support  from  Table  1  (p.  238)  of  Ref.  55.  This  table  for  continu¬ 
ous  ribs  was  reduced  for  programming  to  a  set  of  11  linear  equations,  one 
equation  for  each  diameter  (14  ft  -  34  ft)  shown  in  the  table. 
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TABLE  42 

ROCK  QUALITY  LOAD  FACTOR 


RQD 

Excavation  Process 

k 

>  90 

Any 

0 

75-90 

Drill  and  Blast 

0.45 

* 

Other 

0.2 

50-75 

Drill  and  Blast 

0.95 

Other 

0.7 

25-50 

Drill  and  Blast 

1.65 

Other 

1.3 

<  25 

Drill  and  Blast 

2.4 

Other 

1.9 

* 

Includes  boring  machine,  water  jet  and  projectile  impact. 


For  each  diameter,  the  set  of  rock  load  values  and  corresponding 
weight  per  foot  values  for  that  diameter,  were  fitted  to  a  line  using 
the  least  squares  method,  letting  rock  load  equal  the  independent  varia¬ 
ble. 


The  program,  after  finding  the  rock  load  (LOAD),  and  knowing  the 
diameter  of  the  tunnel  (D),  then  finds  the  weight  per  foot  (WPF)  of  the 
rib  by  substituting  LOAD  into  the  equation  which  applies. 


The  equations  are: 


0  <  D  <_  15  WPF  = 

15  <  D  <_  17  wpr  = 

17  <  D  £  19  WPF  = 

19  <  D  £  21  WPF  = 

21  <  D  <_  23  WPF  = 

23  <  D  <_  25  WPF  = 

25  <  D  <  27  WPF  = 

27  <  D  <_  29  WPF  «* 

29  <  D  <_  31  WPF  - 

31  <  D  <_  33  WPF  - 

33  <  D  <  35  WPF  =* 


.001870  x  LOAD  +  2.733 

.002061  x  LOAD  +  2.803 

.001995  x  LOAD  +  4.035 

.002305  x  LOAD  +  3.272 

.002527  x  LOAD  +  2.591 

.002584  x  LOAD  +  3.632 

.002737  x  LOAD  +  3.760 

.002864  x  LOAD  +  6.426 

.003215  x  LOAD  +  3.516 

.003444  x  LOAD  +  3.114 

.003661  x  LOAD  +  3.144 
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The  weight  of  the  entire  circular  rib  (WPR)  is  then  calculated  as 


WPR  =  (WPF)  7fO 

where  WPR  =  rib  weight  (lb) 

WPF  =  weight  per  foot  of  rib  (lb/ft) 

D  =  tunnel  diameter 

from  which  the  steel  costs  may  be  calculated. 

B.  ENVIRONMENTAL  CONTROL 

In  the  broadest  sense,  environmental  control  includes  all  aspects 
of  maintaining  an  acceptable  working  environment  within  the  tunnel,  in¬ 
cluding: 

•  Ventilation 

•  Cooling 

•  Ground-water  removal 

•  Dust  removal 

•  Noise  reduction 

•  Fire  protection 

•  Sanitation 

•  Auxiliary  services  (e.g.,  lighting) 

•  Safety 

Our  analysis  of  the  environmental  control  requirements  is  focused 
on  the  first  three  items  above,  ventilation,  cooling,  and  ground  water 
removal,  because  these  are  major  factors  affecting  the  performance  and 
cost  of  an  excavation  system  which  vary  from  one  tunnel  to  the  next,  one 
geology  to  the  next.  Modeling  is  straightforward,  calculating  the  required 
machinery  costs  and  power  usages  to  meet  the  needs  of  Che  particular 
tunnel  under  investigation  by  comparison  with  past  environmental  control 
systems  used  to  meet  similar  demands. 
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Figure  56  shows  schematically  the  environmental  parameters  which 
are  included  in  the  environmental  control  model.  Table  43  lists  the 
performance  parameters  and  input  specifications  which  are  required  by 
the  model. 


1.  Ventilation 

The  minimum  quantity  of  air  necessary  in  a  tunnel  is  determined  by 
human  needs,  legal  requirements,  dilution  of  toxic  gases,  and  comfort  or 


work  efficiency  standards.  A  design 
may  be  calculated  from  the  following 

Minimum  human  breathing  needs 
Mining  laws 

Dilution  of  diesel  exhaust 

Comfort  or  work  efficiency, 
velocity  standards 

Dilution  of  toxic  gases 


requirement  for  adequate  ventilation 
considerations : 

20-30  (cfm/man) 

100-200  (cfm/man) 

106  +  0.334  x  (horsepower)  (cfm/hr) 

50  ft/min 

Q  =  Q  /AMC 
8 


\ 


where  Q  =  volume  rate  of  ventilation  (cfm) 

Q  =  volume  rate  of  toxic  gas  entering  tunnel  (cfm) 

8 

AMC  =  maximum  allowable  concentration  of  toxic  gas  in 
tunnel  (ppm  by  vol)  given  in  Table  44 

It  can  be  seen  that  although  minimum  human  breathing  needs  are 
20-30  cfm  per  man,  state  mining  and  excavation  laws  usually  require  5  to 
10  times  this  amount  to  insure  adequate  ventilation.  The  specific  require¬ 
ment  for  each  diesel-powered  machine  in  the  tunnel  is  usually  established 
by  testing  procedures  described  in  U.S.  Bureau  of  Mines  Schedule  24.  The 
above  relationship  is  an  approximation  of  numerous  test  results  for 
separate  diesel  engines.  Which  of  the  above  considerations  will  be  the 
controlling  one  for  deciding  what  ventilation  is  adequate  will  depend  on 
tunnel  size,  diesel  horsepower,  etc.  In  any  case,  however,  there  is  a 
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Figure  56.  Environmental  Control  Model 


TABLE  43 

ENVIRONMENTAL  CONTROL  PERFORMANCE  PARAMETERS 
AND  INPUT  SPECIFICATIONS 


1.  Maximum  work  force  in  tunnel  at  any  time 

(number  of  men) _ 

2.  Total  diesel  power  in  tunnel  (hp) _ 

3.  Minim  ..  air  volume  rate  per  man  (cfm/man) 


4. 

5. 

6. 
7. 


8. 

9. 

10. 
11. 
12. 

13. 

14. 


Minimum  air  volume  rate  per  diesel  horsepower 
a 

(cfm/hp)  _ 

Minimum  velocity  of  air  at  working  face  (ft/min) 

A 

Maximum  velocity  of  air  in  tunnel  (ft/min)  _ 

A 

Toxic  gas  information: 


Ambient  air  temperature  at  portal  or  shaft  (°F) 

A 

Desired  air  temperature  at  working  face  (°F)  _ 

Air  density  (lb/ft^)  _ 

A 

Friction  factor  for  ventilation  ducting  _ 

A 

Friction  factor  for  tunnel  lining  _ 

Specific  heat  of  air  (Btu/lb°F)  _ 

Conductivity  of  air  (Btu/hr-f t°F)  _ 
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TABLE  43  (Cont.) 

ENVIRONMENTAL  CONTROL  PERFORMANCE  PARAMETERS 
AND  INPl!  SPECIFICATIONS 

1.  Plant  and  Equipment 


Item  Ownersh; 

Cost  Pei 

p  (Re 
Hr 
(che 

ntal) 

Ft 

:k  one) 

Unusual  ] 
Cost  Per 

levelopn 

Hr 

(chec 

ental 

Ft 

k  one) 

MAJOR  ITEMS: 

Ventilation  Plant 

Mechanical  Cooling 

Plant 

Pumping  Plant 

ADDITIONAL  ITEMS : 

2.  Job  Materials 


Item 

Cost 

1  Lifetime 

Value 

Unit 

Value 

Unit 

MAJOR  ITEMS: 

A 

Power:  Electric 

$/kWhr 

- 

- 

Cooling  Plant 
Operation 

$/Btu 

- 

- 

Pumping  Plant 
Operation 

$/ft3 

- 

- 

Minor  Servicing  & 
Repairs 

(per  maintenance) 

$ 

ADDITIONAL  ITEMS: 

$/£t 

3.  Direct  Labor 


Labor  Type 

Number 

Requi red/Shift 

Rate 

$/hr 

MAJOR  TYPES: 

Electrician 

Mechanic 

Installation  Crew 

ADDITIONAL  TYPES: 

4. 


Permanent  Materials 


Cost 


Item 

Value 

Unit 

(none  required) 

Representative  values  arc  programmed  Into  the  model.  A  user  may  substi¬ 
tute  his  own  values  If  he  desires. 
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TABLE  44 

MAXIMUM  ALLOWABLE  CONCENTRATION  OF  TOXIC  GAS  IN  TUNNEL 


_ Gas _ 

Nitrogen 
Carbon  Dioxide 
Methane 

Carbon  Monoxide 
Nitrogen  Oxides 
Hydrogen  Sulfide 
Sulfur  Dioxide 
Hydrogen 
Aldehyde 


AMC  (ppm  by  vol.) 
800,000 
5,000 
10,000 
100 
5 

20 

5 

0 

10 
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limit  to  the  volume  of  air  which  can  flow  through  a  tunnel  without  adding 

environmental  problems  of  its  own.  The  commonly  cited  maximum  air  flow 

56 

velocity  in  a  tunnel  is  600-1000  ft/min. 


The  design  volume  of  air  flow  calculated  by  the  above  method  may 
fail  to  provide  adequate  cooling  in  very  hot  tunnels  or  in  tunnels  exca¬ 
vated  by  one  of  the  novel  techniques.  For  these  tunnels  additional  air 
flow  and  perhaps  even  mechanical  cooling  will  be  required. 


2 .  Cooling 

For  the  purpose  of  modeling,  the  heat  added  to  the  tunnel  environ¬ 
ment  is  assumed  to  come  from  two  sources,  the  ambient  rock,  and  the  novel 
rock  breaking  devices  (water  jet  or  projectile).  Other  heat  sources  (other 
machinery  or  curing  concrete/shotcrete)  have  not  yet  been  included  in  the 
model.  The  impact  of  these  other  sources  should  be  investigate  further. 

To  calculate  the  heat  transfer  from  the  ambient  rock  to  the  air  flowing 
in  the  tunnel,  the  program  first  calculates  the  Reynolds  number,  Re,  for 
tunnel  air  flow  conditions: 


Re  = 


Vt 

0.165 


where 


tunnel  air  velocity  (ft/min) 
tunnel  diameter  (ft) 
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Then  the  Nusselt  number  for  the  air  flow  is  determined  from  its 
relationship  to  Reynolds  number  (Fig.  57).  This  relationship  is  approxi¬ 
mated  by  the  following  equations: 


Re  £  2100 

2100  <  Re  <  10,000 


Re  £  10,000 


Nu  =  0.5  Re0,3 


Nu  =  5.0  +  26.7 


/Re  -  2100 \ 
\  7900  ) 


=  0.00338  Re  +  2.10 


Nu  =  0.02  Re0,8 


The  heat  transfer  coefficient,  h^,  for  the  tunnel  is  then  calculated  as: 

h  =  Nuk  /D 
c  a  t 

where  k  =  conductivity  of  air  (Btu/hr-f t-°F) 

EL 

=  0.0147  if  not  specified 

Therefore  the  approximate  heat  added  to  the  tunnel  air  from  tie  tunnel 
wall  may  be  calculated  as 

g  =  h  TTDXlt  -  ---  d  ) 
r  c  t  \  r  2  / 

where  =  heat  transfer  rate  of  ambient  rock  (Btu/hr) 

X  =  distance  from  portal  or  shaft  to  tunnel  face  (ft) 

t  =  ambient  rock  temperature  (°F) 

tg  =  air  temperature  at  portal  or  shaft  (°F) 

td  =  air  temperature  at  tunnel  face  °F 
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Nusselt  Number  vs.  Reynolds  Number 
for  Air  Flowing  in  a  Pipe  57 


The  air  temperature  at  the  tunnel  face  is  assumed  to  equal  the 
desired  working  temperature  (80°F  if  not  specified)  to  yield  an  approxi¬ 
mate  steady  flow  heat  value  from  the  above  equation.  The  actual  tempera¬ 
ture  at  the  face  for  the  preliminary  design  air  flow  is  calculated  from 
the  temperature  rise  caused  by  this  heat  from  the  tunnel  walls  and  the 
heat  added  by  the  excavation  machinery: 


t 


d 


60 


gr  +  8 

Pa  ‘WV 


+  t 

a 


3 

where  p  =  air  density  (lb/ft  ) 

3. 

=  0.075  if  not  otherwise  specified 
gm  =  heat  from  machinery  and  rock  fragmentation  (Btu/hr) 

Q^r  =  preliminary  design  air  flow  rate  (cfm) 


(C  )  =  specific  heat  of  air  (Btu/lb°F) 

P  a 

=  0.240  if  not  otherwise  specified 

If  the  temperature  at  the  face  is  excessive,  the  air  flow  rate  is  revised 
upward  until  a  satisfactory  working  temperature  is  obtained.  If  the  air 
flow  rate  reaches  the  maximum  allowable  before  such  a  temperature  is 
reached,  it  is  assumed  that  mechanical  cooling  would  be  added  to  remove 
additional  heat.  The  required  cooling  load  may  be  calculated  as  the 
additional  heat  removal  necessary  (BTU/hr)  after  ventilation  has  reached 
its  limit: 


8  14  =  p  Q,  (C  )  (t  ,  -  t  ) 

cooling  a  dr  pad  w 


(Btu/hr) 


where  t^  -  temperature  at  tunnel  face,  maximum  ventilation  (°F) 
t  =  desired  temperature  (°F) 
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The  cost  of  operating  a  mechanical  cooling  system  is  calculated  as 


Cooling  cost  ($)  •  gcooU„g  rc00ling  c 


where  r  =  cost  per  Btu  cooling  ($/Btu) 

cooling 

t  =  time  (hr) 


The  cost  of  cooling  has  been  assumed  to  be  2,0  x  10  dollars  per  Btu  if 

not  otherwise  specified.  This  selected  value  is  based  on  some  representa- 

22 

tive  costs  of  cooling*"  for  mines  as  summarized  in  Table  45. 


TABLE  45 

REPRESENTATIVE  OPERATING  COSTS  OF  MECHANICAL  COOLING  OF  MINES 


Location 

Cost 

$/Btu 

Morro  Velho 

1.8 

vO  vC 

1  1 
o 

rH 

x 

Robinson  Deep 

1.3 

X  10 

Magma 

1.5 

x  10~6 
-6 

Richardson's  System 

.  5 

» 

o 

rH 

X 

3 .  Power  Requirements 

In  addition  to  the  mechanical  cooling  operational  costs  (if  any) 
there  are  operating  costs  for  the  vent  motors  and  there  may  be  pumping 
costs  for  dewatering  the  tunnel. 

The  ventilation  power  cost  calculations  are  as  follows: 

Vent  duct  velocity,  =  2380  +  0.0483  (ft/min) 


•ff 

From  ventilation  equipment  specifications  recommended  by  Joy  Manufacturing 
Co . 
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where  =  tunnel  air  volume  rate  (cfm) 


Veil  duct  diameter,  D, 

d 


(ft) 


Friction  loss  of  air  flowing  in  vent  duct, 


K.XV. 
u  =  _d _ d_ 

d  1,3  D 


(in.  water) 


where  =  friction  factor  for  vent  ducting,  assumed  =  2  x  10 

not  otherwise  specified  (see  Table  46) 

X  =  tunnel  length  (ft) 


TABLE  46 

FRICTION  FACTOR  Kd  FOR  VENT  DUCTING56 


Pipe  or  Tubing 

Friction  Factor,  K  x  10^ 

Good  (new) 

Average  (used) 

Steel,  wood 

15 

20 

Jute,  canvas 

20 

25 

Spiral-type  canvas 

22.5 

27.5 

Friction  loss  of  air  flowing  in  tunnel, 


KtXV 
1.3  D 
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where 


K  = 


X  = 


friction  factor  for  the  tunnel,  assumed  =  1.5  *  10 
if  not  otherwise  specified  (see  Table  47) 
tunnel  length  (ft) 


TABLE  47 

FRICTION  FACTOR  Kt  FOR  MINE  AIRWAYS 


Type  of  Airway 

IrregularitioH  of 
Surfaces,  Areas,  and 
Alignment 

Valuta  of  Kt  *  1010 

Straight 

Sinuoua  or  Curved 

ft 

_3 

"3 

c. 

1 

c 

cc 

ft 

U 

c 

£ 

V. 

x 

o 

>, 

X 

u. 

7. 

*d 

a. 

f 

A 

c 

"Z 

J 

"V 

o 

<. 

Slightly 

Moderately 

High  Degrco 

e 

9 

4/ 

o 

Slightly  Obstructed 

V 

2 

5 

"Z 

« 

%« 

•u 

o 

e 

aj 

ft 

C 

•d 

ft 

| 

O 

"S, 

7. 

•d 

ft 

2 

JS 

o 

~z 

1 

c 

* 

ft 

c 

y 

ft 

2 

X 

O 

iT1 

7i 

y 

ft 

3 

ft 

7f 

X 

O 

“E 

5 

ft 

J 

<. 

Smooth  lined 

Minimum 

10 

15 

25 

20 

25 

35 

25 

30 

40 

35 

40 

50 

Average 

15 

W 

30 

25 

30 

40 

30 

35 

45 

40 

15 

55 

Maximum 

20 

25 

35 

30 

35 

45 

35 

40 

50 

45 

50 

00 

Sediment ii ry  Cut 

.Minimum 

30 

35 

45 

40 

45 

55 

45 

50 

00 

55 

00 

70 

(or  fuel) 

Average 

65 

CO 

hi 

05 

70 

HO 

70 

75 

H5 

HO 

H5 

95 

Maximum 

70 

75 

85 

HO 

H5 

96 

H5 

95 

101? 

95 

lOO 

no 

Timbered  (5  ft  centum) 

Minimum 

HO 

H5 

95 

90 

95 

105 

95 

100 

no 

105 

no 

120 

Average 

95 

J  00 

no 

105 

no 

120 

no 

115 

1 25 

120 

125 

135 

Maximum 

105 

no 

120 

115 

120 

130 

120 

125 

135 

130 

135 

145 

Ignemw  rock 

Minimum 

90 

95 

100 

100 

105 

115 

105 

no 

120 

115 

1211 

130 

Averwro 

145 

150 

100 

165 

Hill 

105 

100 

165 

1 75 

170 

175 

195 

Maximum 

195 

200 

210 

205 

210 

220 

210 

215 

225 

220 

225 

235 

G.  1C.  McKlroy ,  "Kngineermg  KacUir*  in  the  Ventilation  of  Metal  Mine*/'  U. 8.  Bur.  Aftnaa  Bull.  385  (11)36),  p.  43. 


The  fan  horsepower  is  then  calculated,  assuming  . 7 5  operating 
efficiency,  to  be  that  needed  to  overcome  the  friction  losses  of  the  air 
flow  in  the  tunnel  and  ventilation  duct: 
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The  power  cost  to  operate  the  ventilation  system  is  simply 


Fan  Power  Cost  ($)  =  (0.7452)  (C  )  t 

f  P 

where  =  electrical  power  cost  ($/kW-hr) 

=  0.02  if  not  otherwise  specified 
t  =  operating  time  (hr) 

The  pumping  and  dewatering  cost,  as  now  modeled  by  the  program, 
consists  simply  as  a  user-input  plant  and  equipment  cost  and  an  operating 
cost  calculated  by 

Pumping  cost  ($)  =  60  WC  t 

w 

where  W  =  water  inflow  rate  (cfm) 

3 

=  pumping  plant  operational  cost  ($/ft  of  water) 
t  =  time  (hr) 

The  value  C^,  which  depends  on  the  manner  in  which  the  tunnel  is  dewatered, 
should  be  user-estimated  for  the  particular  tunnel  of  interest. 


VI.  SIMULATION  EXAMPLE 


A.  INTRODUCTION 

This  section  describes  the  application  of  the  computer  model  to  an 
actual  tunneling  project.  The  example  chosen  is  the  Layout  Tunnel 
presently  being  constructed  as  part  of  the  Strawberry  Aqueduct  of  the 
Central  Utah  Project  administered  by  the  Bureau  of  Reclamation. 

Figure  58  shows  the  location  of  the  Layout  Tunnel  within  the 

Strawberry  Aqueduct  system.  This  project  consists  of  water  conveyance 

tunnels,  pipelines,  reservoirs,  and  dams  intended  to  enlarge  the  capacity 

■k 

of  the  existing  Strawberry  Reservoir.  The  Layout  Tunnel  will  extend 

17,355  ft  in  a  north-south  direction  from  Layout  Creek  to  Water  Hollow 

Creek  (Fig.  59).  The  tunnel  is  to  be  concrete  lined  with  a  finished 

diameter  of  10  ft  4  in. ,  constructed  from  a  machine-bored  diameter  of 

SR 

12  ft  11  in.  (Fig.  60). 

The  5038  ft  segment  of  tunnel  simulated  by  the  computer  model 
corresponds  to  that  length  excavated  by  the  S.  A.  Healy  Company  between 
June  25,  1971,  and  September  22,  1971.  A  Robbins  Model  No.  141-127-1 

3 

boring  machine  was  used.  Three  trains,  each  consisting  of  ten  6  2/3  yd 
("truck)  muck  cars,  pulled  by  two  10-ton  Plymouth  Mine-o-motive  DMD-24 
diesel  locomotives  transported  material.  The  geology  was  hard  sandstone 
and  cong1",merate. 

B.  SIMULATION  INPUT 

The  basis  for  the  simulation  input  is  the  detailed  tunnel  informa¬ 
tion  compiled  from  several  sources  which  may  be  found  in  Vol.  II. 


The  project  also  includes  the  Stillwater  Tunnel  proposed  by  the  Bureau 
of  Reclamation  as  a  practical  lrboratory  for  research  in  rapid  under¬ 
ground  construction. 
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Figure  58.  Layout  Tunnel  Location  Map 


Figure  60.  Layout  Tunnel  Sections  for  Machine  Bored  Tunnel 


) 


We  have  inferred  from  the  Bureau  of  Reclamation  progress  reports 
that  the  construction  proceeded  using  a  schedule  of  three  8-hour  shifts 
per  day,  6  days  per  week  for  64.5  working  days.  A  summary  of  the  opera¬ 
ting  days,  shift  time,  boring  machine  operating  time,  and  progress  made 
is  shown  in  Table  48.  During  this  four-month  period  the  average  rate  of 
advance  attained  was  11.5  ft  per  operating  hour  of  the  boring  machine, 
and  the  maximum  advance  in  a  day  was  209  ft. 

Figure  61  and  Tables  49  through  53  summarize  the  input  to  the 
model.  This  figure  shows  the  geology  input:  in  situ  density,  water 
inflow  rates,  ambient  rock  temperature,  rock  quality  (RQD)  ,  abrasiveness, 
and  unconfined  compressive  strength  for  the  length  of  the  tunnel  segment. 
Table  49  lists  characteristics  of  the  boring  machine,  Table  50  for  the 
integrated  conveyor  loader;  Table  51  for  the  rail  system;  Table  52  for 
ground  support;  and  Table  53  for  environmental  control. 

C.  DISCUSSION  OF  RESULTS 

Figure  62  compares  the  actual  advance  of  the  tunnel  face  with  that 
predicted  for  two  similar  computer  simulations.  In  both  cases  the  exca¬ 
vation  system  and  geology  were  identical.  Case  1,  however,  assumes  a 
boring  machine  availability  of  0.45  throughout  the  project  period;  Case  2 
assumes  a  reduced  availability  of  0.18  for  the  first  five  working  days  and 
0.45  thereafter  to  account  for  the  delay  in  operations  during  this  period 
which  is  evident  in  the  progress  reports  (Vol.  II).  Figure  63  compares 
actual  and  predicted  boring  machine  utilization  and  graphically  displays 
the  distinction  between  Case  1  and  Case  2. 

The  last  of  the  performance  and  cost  reports  generated  periodically 
by  the  model  are  shown  in  Figs.  64  and  65  for  Case  1  and  Case  2  respec- 
tively.  Progress  reports  indicate  that  it  took  64.5  days  to  excavate 


A 

The  5092  ft  advance  includes  54  ft  of  conventionally  excavated  tunnel 
which  was  not  modeled;  the  boring  machine  advance  was  5038  ft. 
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TABLE  48 

SUMMARY  OF  LAYOUT  TUNNEL  OPERATION 
JUNE  25  -  SEPTEMBER  22,  1971 


Month 

Operating 

Days 

Shift 

Time 

(hr) 

Boring  Machine 
Operating  Time 
(hr) 

Advance 

(ft) 

June 

4 

96 

15.5 

100 

July 

20 

480 

113.4 

1329 

August 

26 

624 

194.3 

2314 

September 

14.5 

348 

115.0 

1295 

TOTAL 

64.5 

1548 

438.2 

5038 

Average  Advance  Rate  =  11.5  ft/hr 
Maximum  Daily  Advance  209  ft 
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C0MDRES31VE  AMBIENT  IN  SITU 

STRENGTH  TEMPERATURE  WATER  INFLOW  DENSITY 

(psi  x  103)  ABRASIVENESS  RQD  (OF)  (gal/min)  (lb/ff3) 
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80 

“U — 

60 

- 

40 

- 

20( 

1 

i 

_ 1 _ 1 _ 1 _ 

3 

1000 

2000 

4000 

4 

3 

2 


_J _ I - 1 - 1 - 1 — 
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Figure  61.  Geologic  Properties  Input 


TABLE  49 

BORING  MACHINE  PERFORMANCE  PARAMETERS  AND  INPUT 


Soring  Machine  Information 

1.  Ratad  rotational  power  (hp)  _  600 

2.  Energy  required  per  rock  volume  broken 

<in.-lb/ln3  *  10V _ 

3.  Rotational  apeed  of  boring  head  (rpm)  6 

4.  Time  to  aaaembla  boring  machine  (hr)  _  17o 

5.  Time  to  change  bore  diameter  (hr) _ 24 

6.  Time  to  dlaaaaemble  machine  (hr)  _  176 

7.  Maintenance  parmnetera  (aaparata  from 
cutter  change) : 

(a)  availability  of  machine  (X) _  “S*’4"5^ 


(b)  In  lieu  of  (a)  average  down  time  per 

maintenance  period  (hr) -  - — 

(c)  Average  time  between  maintenance 

periods  (hr) - - 

Cutter  Information  (rolling  cuttara) 

1.  Total  cumber  of  cuttera _  29 

2.  Radial  location  of  cuttara 

Cutter  No.  |  R  (in.) 

(See  attached  table) 

3.  Eatlmatad  cutter  Ufa  aa  a  function  of  rock 

abraalvanaaa: 

Abraalvaneaa  Index  Travel  (ft) 

(Laaat  abraalva)  1  1,000,000 

(Moderately  abraalva)  2  400,000 

(Moat  abraalva)  3  100,000 

4.  Tima  required  to  replace  one  cutter  (hr) _  0.! 

3.  Minimum  obaarvad  fractional  wear  of  cutter  to 

cauae  replacement  during  any  one  cutter  change 
period  _  0.1 


CUTTH  TABU 


1 

1 

S 

4 

9 

• 

7 

• 

10 

11 

11 

IS 

14 

15 

14 
17 
11 
19 

to 

11 

tl 

15 

14 

15 
H 
V 
21 
19 


2.I7S 

S.7S 

0.42S 

11. 5 

14.S7S 

17. 75 
20. 12S 
21. 

15.75 
14.  S 

51.25 
24. 

54.75 

29. 5 

42.25 
41. 
47.72 

50.5 

55.25 
94. 

94.75 
41.4S7S 
IS. 9272 
44.0429 
44.1479 
70.9122 

72.4979 
79.4479 

74.4979 


SPECIFICATIONS 


Caaa  2 _ 

0.18  To  Day  F ive 
0.45  Thereafter 
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TABLE  49  (cont.) 

BORING  MACHINE  PERFORMANCE  PARAMETERS  AND  INPUT  SPECIFICATIONS 


1.  Plant  and  Equipment 
Item 


MAJOR  ITEMS: 

Boring  machine  unit 
Transmission  lines 

ADDITIONAL  ITEMS: 


Ownership  (Rental)  Unusual  Developmental 


Cost  Per 


Hr  |  Ft 
(check  one) 


34.60 

3.40 


$/ft 

$/ft 


Cost  Per 


Hr  I  Ft 
(check  one) 


2.  Job  Materials 


ITEM  _ COST _ LIFETIME 


VALUE 

UNIT 

VALUE 

UNIT 

MAJOR  ITEMS: 

* 

Power:  Electric 

Cutters 

Cutter  Bearings  (prorated) 

Minor  Servicing  &  Repairs 
(per  maintenance) 

ADDITIONAL  ITEMS: 

80 

40 

100 

$/lcwhr 

$ /cut  ter 

$ /cutter  chg. 

3.  Direct  Labor 


Labor  Type 

Number 

Required/Shift 

Rate 

S/hr 

MAJOR  TYPES: 

Machine  Operator 

1 

8.46 

Miners 

4 

5.32 

Electrician 

1 

8.02 

Mechanics 

1 

7.11 

ADDITIONAL  TYPES: 

4 .  Permanent  Materials 


Item 

Value 

(none  required) 

Cost 


Unit 


Representative 


values  are  programmed 


into  the  model. 
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TABLE  50 


NTEGRATED-CONVEYOR  LOADER  PERFORMANCE 
AND  INPUT  SPECIFICATIONS 

PARAMETERS 

i. 

2 

Muck  flow  cross  section  (ft  ) 

_ 

2. 

Belt  epeed  (ft/rain) 

3. 

In  lieu  of  (1  end  2) 

Maximum  mucking  rete  (ton/hr) 

_  175 

4. 

Melntenence  parametera 

(e)  Unit  evailebility  ( X ) 

(b)  In  lieu  of  (4-a)  down  tine  per  melntenence 
cycle  (hr) 

_  8 

(c)  Time  between  maintenance  perloda  (days) 

13 

I.  Plant  &  Equipment 


2.  Job  Ha tar 1 ala 


Item 

Cta 

ti 

'rim 

Llfi 

Value 

itliie 

Unit 

MAJOR  ITEMS: 

Servicing  end  Repair 

ADDITIONAL  ITEMS: 

,  _ 

in 

f/HLkMX. 

*• 

- 

3.  Direct  labor 


Labor  Type 

Number 

Required/Shlf  t 

Rete 

S/hr 

MAJOR  TYPES: 

Operator 

1 

7.20 

Bel tman 

I 

7.20 

ADDITIONAL  TYPES: 

4. 


Permanent  Neterlale 


Coat 


Item 

Value 

Unit 

(None  Required) 
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TABLE  51 


RAIL  SYSTEM  PERFORMANCE  PARAMETERS  AND 
INPUT  SPECIFICATIONS 

TRAIN  INFORMATION 

1.  Maximum  number  i *  1  trains _ 

2.  Number  of  trains 

(a)  Initially  _ 

(b)  To  be  added  per  new  mile  of  syatem  _ _ 

3.  Number  of  muck  cara/train _ 

4.  Capacity  of  muck  car:  Volume  (yd^)  _________ 

* 

Weight  (tons)  _ 

5.  Weight  of  empty  muck  car  (tona)  ___ ______ ___ 

6.  Number  of  axlea/muck  car  _ 

7.  Weight  of  locomotive  (tona)  __ ____________ 

8.  Number  of  axles  on  locomotive  _______________ 

* 

9.  Drive  train  efficiency  of  loccmotive  _ 

10.  Traction  coefficient*  _ 

11.  Locomotive  power  source  (diesel  or  electric) 

12.  Rated  continuoua  operation  horaepower  _ 

13.  Peak  horsepower  available  _ 

or 

Traction  effort  table 
TE  (lb) _ Speed  (mph) 


11. 

Maximum 

ailowed  speed  (mph) 

12 

15. 

Maximum 

allowed  ac  deration 

(mph2) 

720 

16. 

In  lieu 

of  items  5-15 

(a)  Peak  speed  empty  (mph)  _ 

full  (mph) 

2 

(b)  Peak  acceleration  empty  (mph  )  _ 

full  (mph2)  _ 

(c)  Horaepower  required  at  paak  speed  Empty  _ 

Full  _  * 

(d)  Horaepower  required  at  peak  acceleration 

Empty _ 

Full  _ 

2 

17.  Average  braking  deceleration  empty  (mph  )  _  720 

full  (mph2)  _  720 

18.  Fuel  consumption  rate  (for  diesel  loc.)  (gal/hp’hi)  _  .056 

19.  Maintenance  parameters 


(.) 

Single  train  availability 

- 

(b) 

In  lieu  of  (19-a)  down  tima  per 
■alntanance  period  (hr) 

2 

(c) 

Time  between  maintenanca  period  (days) 

0.916 

(d) 

Number  of  trains  allowad  in  maintenance 
one  time 

at 

2 

20. 

Muck 

area 

loading  -  number  of  trains  allowed  in  loading 
at  one  time 

] 

21. 

Muck 

unloading 

(.) 

Maximum  number  of  trains  In  dlacharga  araa 

1 

(b) 

Tima  to  unload  one  Crain  (hr) 

.17 

(c) 

Maximum  allowed  speed  of  train  entering 
leaving  discharge  area  (mph) 

6 

0 

(d) 

Dlstanca  from  portal  to  discharge  area 
for  shafta)  (ft) 

(zaro 

12,000 

_  First  _ 

Thereafter 

_  10 

7 


ml  0 
0 


4.05 

2 

10 

2 


Dleael 

100 

140 


If  not  input,  values  have  been  provided  for  in  the  model. 
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TABLE  51  (cont.) 

RAIL  SYSTEM  PERFORMANCE  PARAMETERS  AND 
INPUT  SPECIFICATIONS 


TRACK 

INFORMATION 

22. 

Single  or  double  tracks 

Single 

23. 

Length  of  switch  (ft) 

360 

24. 

Distance  between  switches  (ft) 

8630 

23. 

Tims  to  assemble  one  switch  (hr) 

16 

26. 

Rate  California  switch  can  be  moved  along  main 
line  (ft/hr) 

2000 

27. 

Allowed  train  coeed  In  switch  (mph) 

2 

28. 

Rats  at  which  track  can  bs  extended  (ft/hr) 

12 

29. 

For  continuous  excavation  processes  maximum 
excavator  runaway  tolerance  (ft) 

75 

30. 

Required  loading  area  ahead  of  switch 

(a)  Maximum  permitted  (ft) 

276 

(b)  Minimum  permitted  (ft) 

276 
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Coat  Far  Hr 

'  ri 
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J.  Plract  Labor 


Labor  Tjrpa 

Busbar 

R#4ulrad/Shl(t 

Rata 

3/hr 

MAJOR  TYFESi 

Hotoraaa 

I 

7.70 

Brakaaao 

2 

7.20 

Olapatchara 

1 

7.70 

fc— p-an 

I 

7.20 

Bull  fan* 

ForaMB 

1 

1.00 

Labor# r 

3 

9.32 

Faraaio 

Machaolca 

1 

7.11 

tlactrlc tana 

ADDITIONAL  TTFRSt 

4.  Fanaanant  Katarlala 

Coat 


Itaa 

Valua 

Oalt 

(Bo a a  raqulrad) 
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TABLE  52 

GROUND  SUPPORT  SYSTEM  PARAMETERS  AND  INPUT  SPECIFICATIONS 
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TABLE  52  (cont.) 

GROUND  SUPPORT  SYSTEM  PARAMETERS  AND  INPUT  SPECIFICATIONS 


Item 

Owner*! 
Coat  Pc 

ilp  (Rent 
r  Hr 
(check 

el) 

Ft 

one) 

Unueuel 
Cost  Pet 

Developoentel 
|  Hr  |  Ft 
(check  one) 

MAJOR  ITEMS: 

lock  Bolt  Drill* 
Shotcrete  Plent 

ADDITIONAL  ITEMS: 

7.50 

10.00 

$/hr 

$/hr 

2.  Job  Meterlele 


Itea 

c< 

»t 

1  Lifetime 

Velue 

Unit 

Velue 

MAJOR  ITEMS: 

Servicing  end 

R«p«lr* 

(per  aalntenence) 

ADDITIONAL  ITEMS: 

50 

$ 

Direct  tabor 


Lebor  Type 

Number 

Required/Shift 

R«t« 

S/kr 

MAJOR  TYPES: 

In* tel letlon  Crew 

8 

7.00 

ADDITIONAL  TYPES: 

Melntenence  &  Portel 
Crew 

2 

7.20 

*•  Permanent  Material. 


y»lM 

"ri  t-e 

Steel 

Shotcrete 

■  11 

12 

I  Fit 
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TABLE  53 

ENVIRONMENTAL  CONTROL  PERFORMANCE  PARAMETERS 
AND  INPUT  SPECIFICATIONS 


Maximum  work  forces  in  tunnel  at  any  time 

(number  of  men)  _ _ _  ^ 

Total  diesel  power  in  tunnel  (hp)  _ _ 300 

* 

Minimum  air  volume  rate  per  man  (cfm/man)  _ 

Minimum  air  volume  rate  per  diesel  horsepower 

(cfm/hp)* _ _ _ 

•k 

Minimum  velocity  of  air  at  work  face  (ft/min)  _ 

•k 

Maximum  velocity  of  air  in  tunnel  (ft/min)  _ 

k 

Toxic  gas  information: 

Item  Volume  Rate  of  Gas  Maximum  Allowable  Gas 

_ Entering  Tunnel  (cfm)  Concentration  (ppm  by  vol. 


Ambient  air  temperature  at  portal  or  shaft  ( ’F) 

Desired  air  temperature  at  working  face  (  F)  _ 
3  * 

Air  density  (lb/ft  )  _ 

k 

Friction  factor  for  ventilation  ducting  _ 

A 

Friction  factor  for  tunnel  lining  _ 

0  * 

Specific  heat  of  air  (Btu/lb°F)  _ 

k 

Conductivity  of  air  (Btu/hr-f t°F)  _ 
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TABLE  53  (cont.) 

ENVIRONMENTAL  CONTROL  PERFORMANCE  PARAMETERS 
AND  INPUT  SPECIFICATIONS 


1«  Plant  an d  Equipment 


Item 

Ownerahip  (Rental) 

Unuaual  Developmental 

Coat  Per 

Hr 

Ft 

Coat  Per 

Hr 

Ft 

(check  one) 

(check  one) 

MAJOR  ITEMS: 

Ventilation  Plant 

1 

$/ft 

Mechanical  Cooling 

0 

Plant 

Pumping  Plant 

0 

ADDITIONAL  ITEMS: 

2.  Job  Material! 


Cost 

i  Lifetime 

Item 

Value 

Unit 

Value 

Unit 

MAJOR  ITEMS: 

Power:  Electric* 

. 

9/kW*hr 

Cooling  Plant 

2  *  10"6 

$/Btu 

- 

- 

Oparatlon 

Puaplng  Plant 

0 

6/ft3 

Optra t Ion 

Minor  Servicing  A 

Rapalra 

(par  aialntananca) 

ADDITIONAL  ITEMS! 

25 

$ 

$/ft 


3.  Direct  Labor 


Labor  Type 

Number 

Requlrad/Shlf t 

Rata 

$/t.r 

MAJOR  TYPES: 

Electrician 

1 

6.02 

Mechanic 

1 

7.11 

Inatallatlon  Crew 

2 

7.00 

ADDITIONAL  TYPES: 

Permanent  Material! 


Coat 


Item 

Value 

Unit 

(oone  required) 

* 

Representative  values  are  programmed  into  the  model. 
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PREDICTED  ADVANCE 


Figure  62.  Comparison  of  Actual  and  Predicted  Face  Advance 
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Figure  63.  Comparison  of  Actual  and  Predicted  Boring  Machine  Utilization 
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Figure  64.  Final  Performance  &  Cost  Reports  (Case  1) 
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INTERIM  PERFORMANCE  REPORTS 
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Figure  65.  Final  Performance  &  Cost  Reports  (Case  2) 


283 


*  V 


5038  ft.  The  Case  1  simulation  predicted  59.1  days  and  Case  2  61.4  days, 
a  variance  of  less  than  10%. 

This  variance  can  be  accounted  for  by  the  small  differences  between 
the  boring  machine  performance  and  utilization  as  predicted  by  the  model 
and  as  experienced  in  the  field  (Table  54) . 


TABLE  54 

COMPARISON  OF  PERFORMANCE  RESULTS  FOR  THE 
LAYOUT  TUNNEL  SIMULATION  (5038  ft  OF  ADVANCE) 


VARIANCE  FROM  PROJECT  EXPERIENCE 

Average  Advance 
Rate 
(ft/hr) 

Boring  Machine 
Utilization 

Time  to  Advance 
5038  ft  (deys) 

Due  to 
Boring  Rate 
(days) 

Due  to 

Utilization 

(deya) 

PROJECT  RECORDS 

11.5 

0.283 

64.5 

SIMULATION  CASE  I 

11.8 

0.300 

55.1 

.5 

4.9 

SIMULATION  CASE  2 

11.8 

0.289 

81.4 

■w 

2.6 

Thus  the  agreement  between  the  model  and  the  field  information  is 
close,  and  the  cause  for  variance  can  be  accounted  for  by  the  following 
sensitivities  of  the  model.  The  average  advance  rate  of  the  boring 
machine  is  sensitive  to  the  performance  curve  derived  in  this  study 
(Sec.  III-C-3) .  Boring  machine  utilization  is  most  affected  by  the  assumed 
availability  of  the  machine  and  its  interaction  with  other  elements  of  the 
excavation  system. 
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The  cumulative  cost  summaries  generated  by  the  model  are  also 

3 

given  in  Figs.  64  and  65.  Case  1  predicts  a  unit  cost  of  $32/yd  and 

O 

Case  2  a  unit  cost  of  about  $33/yd  .  Both  these  estimates  are  below 
the  $49 /yd3  which  may  be  deduced  from  the  Bureau  of  Engineer's  estimates 
for  the  equivalent  work  and  material.  Although  some  of  the  costs  which 
are  included  in  the  engineer's  estimated  (e.g.,  prorated  mobilization 
cost)  were  not  included  in  this  example  and  wo via  account  for  part  of 
this  variance,  it  is  believed  that  the  major  part  is  due  primarily  to 
the  uncertainty  of  the  cost  data  which  was  supplied  by  the  authors  to 
the  model  as  input.  This  data  was  based  largely  on  estimates  of  repre¬ 
sentative  labor  crews,  base  wage  rates,  machinery  cost,  and  depreciation 
rates  used  on  similar  projects  rather  than  on  a  more  detailed  accounting 
of  the  costs  associated  with  this  particular  example.  It  is  clear  that 
because  the  nature  of  the  cost  model  is  to  function  mainly  as  an  account¬ 
ing  tool,  accurate  cost  estimates  are  incumbent  on  accurate  input  data 
rather  than  on  empirical  cost-estimating  equations.  The  two  cases  con¬ 
sidered  for  this  example  represent  preliminary  cost  estimates  and  reflect 
a  minimum  amount  of  data  gathering  prior  to  the  running  of  the  simulation. 
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